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Abstract
Future space missions planned by NASA will be more complex in nature than
current missions scheduled as part of the Space Shuttle Program. Examples of future
missions include the construction and inhabitance of space stations, orbital transfers, and
Lunar/Mars transfers and descents. The Space Transfer Vehicles (STV's) that will
perform these missions must have the capability to provide deep-engine throttling thrust.
To accomplish this, the turbopumps used to propel the STV's in space must operate at
off-design flow rates to provide a wide range of flow outputs. Current state-of-the-art
cryogenic fuel and oxidizer turbopump designs can not perform efficiently at off-design
flow rates. This inefficiency is caused by flow separation and stall in the turbopump
diffuser crossover.
This thesis presents the results of the computational analysis for this problem of
diffuser stall. An earlier study of this problem was done using a finite element based
code, FIDAP, to develop a two-dimensional turbulent diffuser model. Conditions for this
two-dimensional model were established allowing for flow separation and stall. Various
rates and configurations of suction (removing decelerating fluid particles) and blowing
(reenergizing decelerating fluid particles) were tested for their effectiveness in
suppressing or eliminating the flow separation or stall at low off-design flow rates.
Based upon the results of this previous work, a more complex three-dimensional
turbulent diffuser model was created using FIDAP. The objective was to determine the
effectiveness of suction as a boundary layer control device in eliminating flow separation.
First, Rocketdyne's results with the single stage Water Tester were verified analytically.
It was shown from the computational model that stall was introduced at the throat area of
the diffuser when the flow rate was reduced to 76% of the design flow. This finding
agreed with what Rocketdyne observed with their Water Tester. Then, the actual
MK49-F diffuser was modeled using liquid hydrogen. Suction was applied only at the
top of the diffuser at off-design flow rates, which is where the flow separation was
observed. It was determined that suction applied in this manner at a rate between 3% and
5% of the inlet mass flow rate was very effective in reducing flow separation at 60% of
design flow. It was observed that suction, used as a boundary layer control device, not
only eliminates losses at off-design flow rates, but even improves diffuser performance
over the design flow (10% improvement in Cp). This is explained by a significant
amount of flow deceleration in the boundary layer at the design flow which does not
cause appreciable flow separation, but does affect diffuser performance. It was also
determined that there is a relationship between the off-design flow rate and the amount of
suction required to effectively reduce stall and flow separation.
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1.0 Introduction
1.1 Project Justification
There is a need in future space missions planned by NASA for deep-engine
throttling thrust capabilities in Space Transfer Vehicles (STV's). Throttling thrust
capability will allow the STV's to perform orbital transfers, aid in space station
construction and Lunar/Mars transfers and descents. The capability to provide the
necessary deep-engine throttling thrust can be accomplished by designing a high
performance liquid hydrogen (LH2) turbopump. This high performance turbopump
would have to be designed so that it could efficiently output a wide range of flow rates.
The current designs of high pressure, multistage turbopumps with radial vaned
diffusers can not provide for deep-engine throttling thrust at off-design flow rates. Flow
rates lower than the design flow rate cause the diffuser to perform poorly. The poor
performance is observed through flow separation and diffuser stall. The causes of the
flow separation and subsequent diffuser stall include impeller discharge effects, increased
boundary layer blockage and lack of turbulence intensity in the diffuser. This project
investigates a means of increasing the diffuser performance at off-design flow rates. The
method of increasing the diffuser performance should not significantly alter the diffuser
geometry.
The ultimate goal of the project at RIT is to develop a test bed, based upon the
Pratt & Witney AETB test bed engine and the Rocketdyne MK49-F High Pressure LH2
turbopump and simplifiedWater Tester. The test bed will be used to investigate possible
solutions to the poor diffuser performance observed in current turbopump designs at
off-
design flow rates. Previously, a two-dimensional turbulent model was developed using a
finite element based code, FIDAP (Fluid Dynamics Analysis Package), to provide
preliminary results. The next step was to develop a three-dimensional turbulent model
using FIDAP. These numerical models will be used to gain a better understanding of the
resulting flow patterns and to test the effectiveness of boundary layer control by means of
suction before construction of the test bed.
1.2 Project Objectives
The diffuser is one of the basic components of centrifugal systems utilizing fluid
flow. The primary function of a diffuser is to convert the inlet dynamic pressure (kinetic
energy) to a static pressure rise. For subsonic flow this is done by decelerating the fluid
particles by providing a continuous and gradual increase of the cross-sectional flow area.
The desired effect is to recover as much of the inlet dynamic pressure as possible during
steady flow conditions and to provide for the exiting flow to be as steady as possible and
to have a uniform velocity profile. However, the diffuser is subject to performing in an
adverse pressure gradient, where its efficiency is limited. When the flow field is
incompressible and viscous in nature, the existence of an adverse pressure gradient
ultimately can lead to flow separation and stall.
When the pressure rise is severe enough in the main flow area, separation occurs
as the boundary layer comes to a rest. A vortex region, where the stall is occurring, is
usually found slightly downstream of the stagnation area. At this vortex region, the flow
changes and reverses direction against the diffuser wall. If the flow does not reattach
itself to the diffuser wall, it will continue as a high velocity jet flow moving away from
the wall. The high velocity jet dissipates into turbulent mixing and the diffusion process
for providing pressure recovery comes to an end.
The goal of this project is to provide insight into the effectiveness of suction as a
boundary layer control device in suppressing or eliminating the diffuser stall that causes
the poor performance observed at off-design flow rates. The effectiveness of this
boundary layer control device can be verified by demonstrating that the technique of
suction will allow for a pressure recovery that is significantly higher than the standard
vaned diffuser at off-design flow rates. This objective can be observed by actual testing
in a test bed, or by computational modeling. The work described here looks at a
three-
dimensional computational model of the diffuser analyzed under various flow conditions
using the finite element based code, FIDAP. The results of this work will be used as a
basis for the experimental work to be done at RIT using a test bed.
1.3 Project Description
A turbopump design that is currently being considered for future use by NASA for
providing deep-engine throttling thrust at a variety of flow rates is the MK49-F High
Pressure Liquid Hydrogen Turbopump. The MK49-F was developed by the Rocketdyne
Division of Rockwell International and shown in Figure 1. The MK49-F turbopump is
used with the RS-44 high thrust advanced expander cycle Orbital Transfer Vehicle rocket
engine. The MK49-F is a three-stage, centrifugal, high pressure turbopump using liquid
hydrogen as the working fluid. A high speed, high efficiency multistage centrifugal pump
of this nature requires continuous passage diffuser crossovers.
The MK49-F uses 17 of these continuous crossover passages between each
impeller stage. The continuous passage diffuser crossovers serve the purpose of
conveying the pumped fluid from the exit of one impeller to the inlet of the next impeller.
The crossover section of the diffuser is of particular interest because this is where the
pressure recovery takes place. Rocketdyne simulated the MK49-F turbopump with a
single stage Water Tester that was used to run performance tests. The Water Tester is
shown in Figure 2 with a close-up view of a individual diffuser crossover section. Figure
3 shows the individual diffuser crossover section enlarged and dimensioned (Water Tester
scaled up by a factor of 2.85). This provided the information necessary to construct a
three-dimensional model of the diffuser at RIT using FIDAP.
Referring to the aforementioned figures, the fluid path through an individual
crossover passage can be described. The fluid leaves the centrifugal pump's impeller
blade tip at a high velocity and enters a vaned diffuser. Due to the nature of the
centrifugal pump, the inlet flow enters the vaned diffuser at a varying incidence angle
relative to the diffuser axis and is dependent on the inlet flow rate. Table I shows the
incidence angles as a function of inlet flow rate, shown as a percentage of the design flow
rate.
Table 1




























Figure 3 - Passage Definition
Once entering the diffuser crossover section, the fluid enters a radial outflow diffuser,
known as the upcomer, where the majority of the pressure recovery takes place. The
fluid then flows through a turning channel, which is a transition area of constant cross-
sectional area. From the turning channel, the fluid enters a radial inflow diffuser, known
as the downcomer, where the diffusion process is completed.
The proposed test bed configuration to be built at RIT is shown in Figure 4. This
test bed was designed to investigate possible solutions to the flow separation phenomenon
observed in the single stage Water Tester. The test bed is based upon the MK49-F
turbopump and the Rocketdyne Water Tester. It is a closed loop water system having the
capability of varying the incidence angle at the diffuser inlet. This provides a very good
approximation to the actual flow conditions present in the actual turbopump as the fluid
leaves the impeller tip and enters the diffuser. The test bed will be used to verify that
boundary layer control devices can be successful in suppressing or eliminating flow
separation in diffusers as predicted by the computational model.
A three-dimensional diffuser model was created using FIDAP, and was based upon
the preliminary results from the two-dimensional diffuser model. The two-dimensional
diffuser model did not provide for geometrical or dynamic similarity with the actual
diffuser. The two-dimensional diffuser model was not a cross section of the actual
diffuser, and did not maintain the actual area ratios as tabulated in Figure 2. The diffuser
model design was chosen because it allowed for flow separation while mamtaining
turbulent flow conditions. This made it possible to evaluate the effectiveness of the
boundary layer control devices on a two-dimensional basis.
1.4 Three-dimensional Diffuser Model
The three-dimensional diffuser model was simplified to take advantage of the
actual diffuser's symmetrical geometry. This resulted in only the shroud-side half of the
diffuser being created. The results of the shroud-side analysis could be applied to the
symmetrical hub-side. The fact that only half of the diffuser was modeled was beneficial
in allowing for realistic results within the computational limits associated with use of the
CRAY computer at NASA Lewis Research Center. The computational time was
extensive due to the turbulent nature of the problem and the fact that secondary flow
effects could be accounted for. The diffuser was modeled with seven slits available for














the diffuser and were extended from the shroud to hub side with the shorter side in the
direction of flow. The outflow of fluid through these slits was controlled by the
boundary conditions imposed in the FIDAP input file and a detailed description of the
geometry and location will follow in Chapter 4.0.
As was previously mentioned, this three-dimensional model maintained both
dynamic and geometrical similarity to the actual MK49-F turbopump diffuser. The flow
conditions of the diffuser model were equivalent to the actual flow conditions in the
MK49-F turbopump diffuser. The MK49-F turbopump was designed to move 436 GPM
of liquid hydrogen through its 17 diffusers. This corresponds to an inlet flow rate of
25.65 GPM per diffuser at an incidence angle of -1.49. Keeping geometric similarity for
the Rocketdyne Water Tester, the design flow rate of water was 582 GPM over the 17
diffusers or 34.24 GPM per diffuser. Table 2 shows the flow conditions for each model,
which were scaled up by a factor of ten. The mass inlet flow rate, Reynolds number, and
incidence angle are unaffected by the scaling and are representative of both the actual
diffuser andWater Tester and their respective models. The inlet velocity is representative
of the models with the actual diffuser and Water Tester velocities being ten times
that'
of

































0.003925 kg/sec 36,612 25.08 m/sec
MK49-F Diffuser
60% ofDesign Flow
0.002355 kg/sec 21,968 15.15 m/sec
2.0 Principles of Turbulent Flow
2.1 Governing Equations
The Navier-Stokes equations describe fluid flow in either a laminar or turbulent
state. This set of equations can provide an understanding of the flow field within the
turbopump diffuser under investigation. This is done by describing the fluid flow at
every point in the flow regime for all time by taking into consideration the principals of
conservation of mass, momentum, and energy. These general equations completely
describe the fluid flow.
Mm =0 (Eq. 1)
=
-P-' + pfi +pgi[l-/3(7/-70)]








= (kT.i).j + /*# + qs (Eq. 3)
The nature of the specific flow under consideration allows for some simplification.
It is assumed that within the LH2 turbopump diffuser, the flow can be described as
turbulent, steady, incompressible, isothermal, and Newtonian in nature. The conservation
of energy equation is disregarded based upon these assumptions and the equations for
conservation ofmass and momentum are reduced to
Wi,i =0 (Eq. 4)
pUiUuj
= -p., + pf\ + [p(ui.j + i/j.i)]j (Eq. 5)
where u is the fluid velocity with i, j
= 1, 2, & 3 for a three-dimensional problem, p is
the pressure, and / represents body forces.
2.2 Methodology ofAnalysis
Turbulence is one of the unsolved problems in the area of physical sciences. In
turbulent flow situations, the fluid motion is highly random, unsteady, and
three-
dimensional. Due to these complexities, the turbulent motion and mass-transfer
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phenomena associated with it are extremely difficult to describe and thus predict
theoretically. It is believed that the solution of the time-dependent three-dimensional
Navier-Stokes equations can completely describe turbulent flows. However, computers
of today lack the speed and memory capacity to solve this set of equations for the
required range of length and time scales, even for simple flows. This is because turbulent
motion contains scales which are much smaller than the extent of the flow domain and
are non-linear in nature. To resolve the fluid motion on scales of this magnitude would
require a mesh discretization so fine that it is far beyond the capabilities of today's
computers.
To practically describe turbulent motion, it is necessary to use time averaged
quantities rather than instantaneous ones. This approach is based upon the conservation
laws for mass and momentum. These basic conservation laws are expressed by the exact
equations shown above. Osborne Reynolds was the first to suggest using a statistical
approach where the equations are averaged over a time scale which is long compared
with that of the turbulent motion. The resulting equations describe the distribution of the
mean velocity and pressure.
In this statistical approach, each of the field variables (velocity, u[ & pressure, p)
are separated into mean and fluctuating quantities. This allows for the use of mean
values of the field variables (u[ & p) in modeling the large scale flow characteristics.
For an arbitrary field variable r\, we can define its mean value as,
1
t + At
- jvdr (Eq. 6)
where the averaging time At is long compared with the time scale of the turbulent motion.




where V reflects the small scale fluctuations associated with turbulence. This
decomposition is applied to the Navier-Stokes equations which are then integrated over
the time interval (t, t + A t) resulting in the following equations which govern the
mean-
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flow quantities (the overbars indicating averaged values will be dropped from this point
forward):
Ui,i =0 (Eq. 8)
PWjW,,j
=




Due to the non linearity of the Navier-Stokes equations, the averaging process introduces
a correlation between fluctuating velocities uuj . Multiplying this term by p gives the
transport ofmomentum due to the turbulent motion. The term
, t + At
pu]u
= [pu'u'dr (Eq. 10)
A /
*
describes the transport of x^-momentum in the direction of xj and acts as a stress on the
fluid (Reynolds stress). It summarizes the effect of small scale eddy behavior on the
large scale mean flow. To solve the Navier-Stokes equations and Eq. 10 requires a way
of determining the turbulence correlation. This determination is the main roadblock in
analyzing turbulent flows. A turbulence model which approximates this correlation along
with the Navier-Stokes equations forms a closed set of equations which can be solved for
the mean values of velocity and pressure.
The approach of using time averaging techniques introduces some turbulent flow
characteristics. Turbulent kinetic energy is defined as half of the intensity of the velocity
fluctuations, which is given by the mean squared value.
k = ^W,V (Eq- H)
Another characteristic is the intensity of turbulence in the flow, which is given as the root
mean squared of the velocity fluctuations to the time mean velocity.
/ = ^ - l = - (Eq. 12)
w, 36a,
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The turbulent intensity quantity indicates the turbulence level of the fluid at any point
based on how much the velocity fluctuations deviate from the mean flow. There are
several other relationships that are important in understanding turbulent flows. The
dimensionless velocity
u+
, dimensionless normal distance from the wall y+, the shear





The turbulent flow regime can be described by distinct regions based upon the
definitions and characteristics from above. The viscous sublayer is the region nearest to
the wall where y+is less than or equal to five. The fully turbulent core is near the
centerline of the flow where y+ is greater than 30. The buffer region is located between
the viscous sublayer and the fully turbulent region. Figure 5 shows these regions in a
graphical form [4]. The regions are defined by the different flow characteristics that are
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Figure 5 - Near WallModel
14
2.3 Modeling Procedures
The approach that is most often used to model the Reynolds stress is due to
Boussinesq [4]. The so called eddy-viscosity concept assumes that the components of the
Reynolds stress tensor are proportional to the mean velocity gradients (analogous to




+ u..) (Eq. 17)
The proportionality parameter pt is termed the eddy viscosity and is dependent upon the
turbulence of the flow, which is a function of position (which is unlike the conventional
shear viscosity p.o). This approximation allows Eq. 9 to be rewritten as Eq. 5 provided
the total viscosity is identified as the sum of the shear and eddy viscosities.
V
=
V0 +ti, (Eq. 18)
The eddy-viscosity concept transforms the problem of turbulence modeling to the
determination of the distribution of pt . Two turbulence models are commonly used, the
zero equation mixing length model and the two equation k-e model. Both are based on
the Reynolds time averaged equations and use the eddy-viscosity concept, but the former
model is not conducive to complex flows. Therefore, the two equation k-e model was
used because it is more effective in cases of flow separation and adverse pressure gradient
flows.
The two equation k-s model describes the turbulent kinetic energy associated with
the small scale eddy behavior as,
k = I if,V (Eq. 19)
which suggests that velocity fluctuations can be characterized by the single parameter






A transport equation for k can be obtained from the Navier-Stokes equations by algebraic
manipulation. This transport equation involves e, which is defined as ,
, f+A t
(Eq.21)
which represents the viscous dissipation of turbulent kinetic energy. A second transport
equation for e can also be derived from the Navier-Stokes equations. The transport
equations of turbulent kinetic energy and viscous dissipation,
pu.k. = ^k
\ak y0









and the Navier-Stokes equations form a set of equations that will approximate the
resulting turbulent flow in an internal passage. However, the equations are no longer
exact and the results generated must be interpreted as approximate values. The above
equations contained several empirical constants which require definition. The empirical
constants, cM, c, & c2, are set at 0.09, 1.44, and 1.92 respectively for isothermal flows
and the turbulent Prandtl and Schmidt numbers, a k & o E , were determined to be 1.0 and
1.25 respectively for this flow situation [4].
The above results are for "high Reynolds
number"
flows and are useful in the fully
turbulent region where the velocity profile is rather flat [4]. Due to the application of the
no-slip condition at the diffuser walls, the flow characteristics are subject to very steep
gradients near the wall. The above results will not be applicable over this low Reynolds
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number boundary layer. The Law-of-the-Wall model provides the link between the fully
turbulent region and the no-slip, near wall region.
The Law-of-the-Wall model requires that the region under investigation be away
from any stagnation, reattachment and separation points, with the flow parallel to the
wall, no body forces present, and weak pressure gradients present. These assumptions
may not hold for diffusers, but the model will be modified to relax these restrictions. A
coordinate system is set up such that the first axis is tangent to the wall and the second
axis is normal to the wall. The tangential momentum equation reduces to,
(O* =0 (Eq-25)





Pi Ui (Eq. 26)
where pu^2 is the laminar shear stress and p u[ u2 is the turbulent shear stress. In the near
wall region, where
y+
< 30, xm is constant. The experimentally determined stress
profiles are shown in Figure 6 [4].
Within the viscous sublayer, where
y+ < 5, the laminar shear stress is dominant.
As the flow progresses through the buffer layer, where 5 <
y+ < 30, turbulence is
generated by an increase in turbulent shear stress and a decrease in laminar shear stress.
In the fully turbulent region, the turbulent shear stress is dominant. This analysis is in
agreement with accepted boundary layer theory that indicates that the conventional fluid
viscosity need only be accounted for within a very narrow region close to the wall.
Based upon this analysis the velocity profiles in each region can be determined allowing
for the development of the Law-of-the-Wall model.
Neglecting the turbulent shear stress in the viscous sublayer gives,
* =^a
(Eq- 27)
which by substitution and rearrangement leads to,
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and by definition, this becomes the linear velocity profile
V = / (Eq. 29)
Beyond y+ equal to 30, the viscosity of the fluid does not influence the total shear stress,
so that.
*2
t =-puxu2=pu (Eq. 30)








where k is the von Karman constant equal to 0.41 for this situation and E is an empirical
constant equal to 9.0 [4]. Equations 29 and 3 1 are plotted in Figure 7 along with a typical
velocity profile for the near wall region [4].
Universal characteristics are also exhibited by the profiles for the turbulent kinetic
energy, k and the viscous dissipation, s in the near wall region. From dimensional






The profiles for k and s in the near wall region are shown in Figures 8 and 9 respectively
[4]. As was stated in the earlier discussion, several restrictions were placed upon the
Law-of-the-Wall model. Modifications to account for the flow separation and stall
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Figure 7 - Universal Velocity Profiles in the Near Wall Region
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Figure 8 - Universal Kinetic Energy Profile in the NearWall Region
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Figure 9 - Universal Viscous Dissipation Profile in the NearWall Region
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3.0 Principles ofDiffusion
3.1 Description and Applications
One of the basic components of turbomachinery is the diffuser. The diffuser's
purpose is to convert the inlet dynamic pressure of the fluid to a static pressure rise. For
subsonic flow, this is accomplished by decelerating the fluid particles by the application
of a gradual increase of the cross sectional flow area. It is desirable to recover as much
of the entering dynamic pressure as possible. It is also important that the exiting flow be
steady and has a uniform profile for the next impeller stage.
Centrifugal pumps or compressors are currently being utilized in gas turbine
engines of service jets and helicopters. The development of radial flow compressors for
these engines has shown that the vaned diffuser is a key item in improving the system
performance. Therefore, it is imperative for the development of future high performance
radial equipment, which the MK49-F is classified as, that the detailed flow mechanisms
occurring in vaned diffusers be improved.
There are several parameters used to describe a diffuser geometry [5]. These
quantities are useful in analyzing the performance of the diffuser flow field. A simple




the divergence angle 29, the length-to-width ratio , and the area ratio -.
The pressure recovery coefficient C describes the performance of a diffuser:
-p
v2
where P2 is the outlet pressure, pi is the inlet pressure,
and v( is the throat velocity.
Under ideal conditions, the maximum pressure recovery coefficient CpIdaU is a function of
the geometry and is given by
C,^ = 1-^T (Eq-35)
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Figure 10 - Diffuser Geometry
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where AR is the area ratio. The ratio of the actual pressure recovery coefficient to the





Furthermore, the diffuser flow is characterized by the following parameters. The throat
Mach number M, ,
*-* (Eq. 37)


















Diffuser stall is a concept described by Prandtl's boundary layer theory [7].
Prandtl predicted , for a flow regime considered to be
two-dimensional and steady, that a
point of separation will occur in an adverse pressure gradient region when the velocity




This implies that the shear stress at the wall is zero.
T = p xl
= (Eq- 42)
'y=0
Figure 1 1 shows Prandtl's boundary layer concept for flow over an airfoil. It shows the
effect on the velocity profile of frictional drag leading to the transition to stall and flow
reversal.
In the diffuser, the development of the turbulent boundary layer has a significant
impact on the diffuser performance. If the turbulent boundary layer is thick creating a
large throat blockage, separation will occur near the inlet of the diverging section. The
fluid particles decelerate near the wall region under the effect of an increasing pressure
gradient and reduced transverse momentum transfer. As the fluid progresses through the
diffuser, excessive blockage occurs reducing the diffuser efficiency. In turbopumps
operating at off-design flow rates, this lack of turbulence intensity and increased
frictional drag creates the environment for flow separation.
Referring to Figure 12, there are four major regions of stall defined as the no
appreciable stall area, large transitory stall area, fully developed two-dimensional stall
area and the jet flow area. Small diverging angles and area ratios characterize the area of
no appreciable stall with the flow steady and symmetric with no visible disturbances.
However, on the microscopic level, there is an appearance of very small stall bubbles
continually regenerated and destroyed on the diverging walls. The formation of large stall
regions near the diffuser throat causing large fluctuations in the pressure field
characterizes the large transitory stall region. A large stationary stall bubble that grows
from the diffuser throat along the wall characterizes
two-dimensional stall. This creates a
thick turbulent blockage area at the diffuser exit. The formation of stall regions on both
diffuser walls, with a continuing steady flow along the centerline, characterizes the jet
flow region.
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Figure 12 - Diffuser Pressure Recovery Chart
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Transitory stall in diffusers is a phenomenon of internal flow that is unsteady and
very difficult to predict. In these unsteady flows, the maximum pressure recovery at
constant diffuser length-to-width ratio, , is achieved as transitory stall starts to
develop [8]. Transitory stall was first recognized as a result of flow visualization
experiments. The most useful contributions to this topic were made by Reneau, et al
[10], who developed the pressure recovery chart (Figure 12), and by Fox and Kline [9],
who performed diffuser flow regime studies (Figure 13). The pressure recovery chart
shows how peak pressure recovery occurs right at the onset of the large transitory stall
region. The Flow Regime Chart developed by Fox and Kline is useful in predicting stall
for different diffuser geometries. The chart bases its findings on the diffuser's geometry
AT
characterized by and 20.
Wx
The MK49-F turbopump diffuser's geometry located itself on the Flow Regime
Chart in the no appreciable stall region near the line a-a of Figure 13. However, this
chart is useful for predicting stall in diffusers at the design flow rates with no incidence
angle effects. The incidence angles introduced by the flow entering the diffuser from the
impeller blade tip effects the MK49-F diffuser as it throttles through various off-design
flow rates.
29
Figure 13 - Diffuser Flow Regime Chart
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4.0 Boundary Layer Control by Suction
Presently, turbopumps are designed to operate efficiently for a given flow output.
However, deep engine throttling requires the turbopump to operate over a wide range of
flow rates. Rocketdyne found that operating the single stage Water Tester at off-design
flow rates led to stall related instabilities. It was observed that when the Water Tester
pump was throttled, a sharp drop in pressure head resulted. This drop in head was
attributed to the development of stall in the diffuser crossover section.
To understand the cause of stall, the nature of flow in stationary diffuser sections
was investigated. It was found that the inlet boundary layer conditions have a significant
influence on the performance of diffusers. Flows characterized with having thick
turbulent boundary layers will not undergo as much diffusion before flow separation and
stall set in. Near the wall, fluid particles decelerate in the presence of increasing pressure
gradients and reduced transverse momentum transfer. Flow separation and stall then
occur near the diffuser throat as the decelerating fluid particles create a blockage at the
diverging section. This was observed to be the case at off-design flow rates, as the lack
of turbulence and increased frictional drag created flow separation and stall.
The boundary layer control device of applying suction has been studied
theoretically and experimentally in flows over flat plates and through pipes. Several of
these studies have shown that the technique of suction can be used effectively to improve
the diffuser's performance.
The manner by which suction works consists of the removal of decelerating fluid
particles from the boundary layer before flow separation and stall occur. Ball studied the
effects of wall suction on the performance of two and tliree-dimensional diffusers [11].
His paper described how he was able to improve diffuser performance by applying a
small amount of suction just downstream of the separation area. Another engineer,
Stepanenko, found that applying suction through a slot located near the inlet cross section
of diffuser was beneficial in improving the performance [12]. A group of engineers and
scientists, headed by Fujimoto, also investigated the use of suction through slots at the
diffuser entrance [13].
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In the diffuser studied, the flow separates along the upper wall of the diffuser due
to the pronounced inlet incidence angles. As a result, suction was applied at the top of the
diffuser in an attempt to counteract the incidence angle effects and to energize the
boundary layer. The fluid was removed from the flow at a 37.5 angle from the diffuser
centerline at each of the seven slits. The outflow of fluid across the seven slits was
uniform. The slits were positioned along the wall of the diffuser such that they were
shorter in the flow direction and ran the width of the diffuser from the shroud-side to the
hub-side (Figure 14a). The slits were positioned near the diffuser inlet in order to more
efficiently remove the decelerating particles, as was suggested by the previous work by
Wissinger [3]. The slits are 2 mm in width and are placed 1.25 cm apart. It was found
that modeling suction slits in other configurations suggested from the literature search
was difficult using FIDAP [14]. Attempts were made at modeling circular suction slits
and slits parallel to the flow direction, but limitations in applying the boundary conditions
and in defining the geometry made it difficult to get reasonable results. Table 3 shows
the slit boundary conditions for each model.







3% 7.065xl0-5 1.1262 0.8642
5% 1. 178X10-4 1.8771 1.4403
10% 2.355X10"4 3.7541 2.8806
15% 3.532x10-4 5.6312 4.3210
Table 3 - Slit Boundary Conditions
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5.0 Finite Element Method
5.1 Objective
The objective of the Finite Element Method (FEM) is to reduce the continuous
problem of the Navier-Stokes equations and the transport equations of turbulent kinetic
energy and viscous dissipation, each having an infinite number of degrees of freedom, to
a discrete problem, with a finite number of degrees of freedom described by a system of
algrebraic equations.
5.2 Procedure
The Finite Element Analysis (FEA) is an approximation method used for solving
complex stress analysis problems. It is useful in that it breaks the particular region of
interest into small geometric regions called finite elements and replaces the partial
differential equations which govern the region with ordinary differential equations.
These regions are linked together through common boundary conditions and solved as a
large system of equations using matrix algebra. FEA has been recently successful in its
application to fluid flow problems where computers have made it easy to implement the
conversion procedure: (1) Discretization of the domain, (2) Derivation of the element
equations, (3) Assembly of the global equations, (4) Imposition of boundary conditions,
and (5) Solution of assembled equation.
The finite element analysis begins with the division of the continuum region of
interest into a number of simply shaped regions called elements. An Eulerian approach
was used to describe the fluid motion; elements are assumed to be fixed in space. Within
each element, the dependent variables (k. , p, T, k, & e) are interpolated by functions of
compatible order, in terms of values to be determined at a set of nodal points. For
purposes of developing the equations for these nodal point unknowns, an individual
element may be separated from the assembled system (discretization). The dependent
variables are approximated by,
ui(x,t) = <9TVi(t) (Eq.43)
p(x,t)
= yrP(f) (Eq. 44)
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T(x,t) = VTT(t) (Eq. 45)
k{x,t)=vTK (Eq. 46)
e(x,t) = (pTE (Eq. 47)
where Ui5 P, T, K & Eare column vectors of element nodal point unknowns and
(p, y & $ are column vectors of the interpolation functions. Substituting these
approximations into the Navier-Stokes equations and the transport equations for kinetic
energy and viscous dissipation yields a set of equations:
y[((p,y,fl,/i,P,:r) = R. Momentum (Eq. 48)
/2(<P,^) = R2 ^compressibility (Eq. 49)
fM>*,Vitf) = R, Energy (Eq. 50)
f4{<P,4>,d,Ui,T,k,e)=R4 Transport-k (Eq. 51)
f5{<P,4>,#,Ui,T,k,e)=Ri Transport-s (Eq. 52)
where R^ , R2 , /?, R^ & R. are the residuals or errors resulting from the approximations
above.
The Galerkin form of the Method of Weighted Residuals seeks to reduce these
errors to zero, in a weighted sense, by making the residuals orthogonal to the
interpolation functions of each element. These orthogonality conditions are expressed by,
U,(p) = (*i,<p) = 0 (Eq.53)
(/2,) = (^,V) = 0 (Eq.54)
(/3,fl) = (*,,) = 0 (Eq.55)
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(/ = (*4,<p) = o
U,9) = (^,cp) = 0
where (a, b) denotes the inner product, defined by,
(Eq. 56)
(Eq. 57)
(a,b) = jabdV (Eq. 58)
V being the volume of the element.
The results of these computations can be expressed by the following finite system
of nonlinear ordinary differential equations (Eq. 59):
MO 0 0 0 0
0 M 0 0 0 0
0 0 M 0 0 0
0 0 0 W 0 0
0 0 0 0 0 0 0
0 0 0 0 0 M 0
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F^jt^S+j pficpdV + J p& )82>rfV (Eq. 65)
S V V
Each of the above integrals are evaluated using an isoparametric map and the numerical
quadrature procedure. The matrix equation represents the discrete analogue of the
Navier-Stokes equations and the transport equations for turbulent kinetic energy and
viscous dissipation for and individual element.
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6.0 FIDAP Description and Implementation
The use of advanced computational fluid dynamics techniques is required to
analyze the complex nature of flow patterns within a turbopump's sub-components. As
part of this project, FIDAP (Fluid Dynamics Analysis Package), was used to analyze
regions of stagnation, flow separation, and secondary flow patterns within the vaned
diffuser of a high performance turbopump. This analysis will benefit the design and
development of a High Pressure Liquid Hydrogen turbopump which can provide
deep-
engine throttling thrust capability. The objective is to develop a method of improving the
diffuser and turbopump performance.
FIDAP is a finite element based code that was used to model the complex flow
within the diffuser section of a turbopump. The flow was modeled in three dimensions
and accounted for the ^compressibility and viscous nature of the flow. FIDAP presents
several options for the Reynolds averaged Navier-Stokes equations for turbulent flow.
This analysis incorporated the sophisticated, two equation, kinetic energy-dissipation
turbulence model. In this turbulence model, the turbulence field is characterized in
terms of two variables, the turbulent kinetic energy, and the viscous dissipation rate of
kinetic energy. The criteria for effectively using finite element analysis are numerous in
order to ensure a solution that converges and gives realistic results. Among the most
important are the choices of grid density and element types, inlet and boundary
conditions, solution techniques, and the extension of the kinetic energy-dissipation
model to the near-wall region.
6.1 Mesh
The mesh density is probably the most important criteria for providing a realistic
and converging solution. In order to obtain the optimal mesh density, many parameters of
the region had to be taken into consideration. This was accomplished through trial-and-
error. It was determined that the mesh (Figure 14) needed to be fine in regions where
properties of interest were changing rapidly. In general, a denser computational grid
should be employed for a k-e simulation compared to the corresponding laminar or
zero-
length equation type simulation. In a typical turbulent flow problem the k-e fields
undergo much sharper spatial variations and involve considerably more detailed features
than the mean flow variables (velocity w, ). These areas were near the diffuser inlet and
near the top wall where the flow separation was found to occur. The mesh was made
coarser in regions of lesser interest and having well behaved responses. These areas
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Figure 14 - MK49-F Diffuser Mesh
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mcluded the turning channel. It is important to note that care must be exercised in the
design of the computational mesh to ensure a smooth spatial distribution of nodal points
throughout the entire flow domain. If the transition in mesh density is abrupt, especially
along the direction of flow, spurious spatial oscillations in the flow variables may be
observed causing a divergent numerical solution.
6.2 Nondimensionalization
Obtaining numerical solutions to complex three-dimensional flow problems can be
difficult due to the limited space available within computers to represent numbers
internally. Often, truncation renders solutions inaccurate. To overcome this problem the
numbers involved are nondimensionalized with respect to characteristic values. The
characteristic values of particular interest were length, chosen as the diffuser inlet width,
and velocity, chosen as the inlet fluid velocity. To specify a nondimensionalized model,
the FIDAP input file must set the fluid density to unity and the viscosity to 1/Re. This
invokes the nondimensionalized Navier-Stokes equations for solving the problem.
Dimensionless formulation has many significant advantages. Scaling the fundamental
variables with respect to typical values and constructing dimensionless parameters
provides a measure of the relative importance of the various terms in the equations and
identifies the physical phenomena. This in turn allows an estimate of the difficulty of the
problem and gives insight into meshing requirements for boundary layers.
Nondimensional formulation can result in a reduction of the large differences in orders of
magnitude that occurs between terms in an equation.
6.3 Element Selection
The elements chosen were eight-noded bricks and four-node quadrilaterals for
near-wall elements. The eight-node brick elements use trilinear interpolation functions to
approximate the velocity components. These types of elements allow a quicker solution
which is important in solving for the six unknowns at each node for a three-dimensional
turbulent problem of this nature.
6.4 Solution Technique
Several solution methods are available in FIDAP for solving the nonlinear system
of matrix equations arising from the Finite Element Method discretization of the flow
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equations. The solution method used for this problem was the segregated algorithm
which solves each conservation equation separately in a sequential manner.
The other solution methods available in FIDAP use the fully coupled approach
which requires the formation of the global system matrix. This global system matrix
includes all the unknown degrees of freedom associated with the discretized problem.
This is a cost-effective method for two-dimensional problems, but for three-dimensional
problems the peripheral storage required for the global system matrix can become
excessive. The available computer resources (CPU and peripheral disk storage) are
overcome by the immensity of this problem.
The segregated solution algorithm was designed to address large-scale simulations.
The most important difference between the fully coupled approaches is that the
segregated algorithm avoids the direct formation of a global system matrix. The
segregated solution algorithm decomposes the global system matrix into smaller sub
matrices each governing the nodal unknowns associated with only one conservation
equation. These smaller sub matrices are solved in a sequential manner using either
direct Gaussian elimination or conjugate gradient schemes.
The segregated solution approach chosen for this problem accounted for the limit
in storage requirements due to the formation of the large global system matrix. However,
the execution times are substantial due to the sequential nature of the segregated solver,
which requires more iterations to reach convergence.
6.5 FIDAP NearWall Model
The kinetic energy-dissipation turbulence model is a high Reynolds number
turbulent model. Thus, in the modeling of wall boundary flows, it must be used in
conjunction with a near-wall model that bridges the gap between the fully turbulent
region beyond the buffer layer and the viscous sublayer. FIDAP uses a near-wall
modeling methodology that uses specialized shape functions to accurately capture the
sharp variations of the mean flow variables found in the viscosity-affected near-wall
region. These shape functions adjust automatically during the course of computations to
accurately resolve the local flow profiles. To accurately
use the near-wall model, the
viscous sublayer must be wholly enclosed in the element nearest the wall. This is
verified by checking the output file to make sure the
y+
value is greater than 30 for the
near wall elements.
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6.6 Inlet and Boundary Conditions
The inlet and boundary conditions for velocity, turbulent kinetic energy and
turbulent dissipation were dictated by the nature of the model. The inlet velocity was
obtained from the mass flow rate at the diffuser inlet.
m= puA (Eq. 66)
The velocities for suction of each slit were obtained by using the percentage reduction in
mass flow rate and area.
mSucton%
=
P ^Suaon%ASlU (Eq. 67)
The values for kinetic energy and dissipation were found using equations provided by R.









Refer to Appendix A and Appendix C for the calculations for the flow conditions and
boundary conditions and for the input files used for eachmodel, respectively.
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7.0 Results and Discussion
The results presented here are for the two three-dimensional finite element models
of the MK49-F turbopump diffuser. The first set of results are from the Rocketdyne
Water Tester model (scaled-up single stage of MK49-F diffuser) . The second set of
results are from the actual MK49-F turbopump diffuser model. In the second set of
results, the application of suction was implemented to determine how effective the
boundary layer control device of suction is in reducing the flow separation in the diffuser.
Both models were simplified to reduce the computation time and to enhance the results.
Each model shows half of the diffuser from the shroud side to the symmetry plane, with
the results applied to the symmetric hub side of the diffuser.
Flow separation and diffuser stall are a direct result of the increasing incidence
angles as the inlet flow rate decrease as a percentage of the design flow rate. Even at the
design flow rate, the fluid enters the diffuser inlet at an incidence angle of -1.49. As the
flow rate decreases to levels where flow separation and diffuser stall are observed, the
incidence angle increases to at 50% of the design flow rate.
7.1 RocketdyneWater Tester
The purpose ofmodeling the Rocketdyne single stage Water Tester was to verify
their experimental results. Rocketdyne observed the onset of diffuser stall at 76% of the
design flow rate. In order to better understand the flow separation and diffuser stall
observed at off-design flow rates, it is necessary to establish the design flow as a baseline
for comparison.
7.1.1 Design Flow Case
The velocity vector plot on the symmetry plane (Figure 15) shows a uniform flow
affected slightly by the low incidence angle. The velocity profiles at various cross
sections (Figure 16) show that flow separation is not likely to occur. The velocity vector
plots on the shroud side plane, 2.54 mm from the shroud side wall (Figure 17), and on the
top surface plane, 1.27 mm from the top wall (Figure 18), also show no signs of flow
separation. The perpendicular views of the shroud side plane (Figure 19) and the top
plane (Figure 20) as well as the close-up views of the shroud side plane (Figure 21)
and top plane (Figure 22) verify that flow separation is not occurring. However, it is
apparent from the top plane views that the secondary flow effects create an area of
reduced velocity near the shroud side wall (and on the hub side
wall by symmetry).
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Figure 15 - Velocity on Symmetry Plane (Design FI0W-H2O)






































Figure 16 - Cross Sectional Velocities (Design FI0W-H2O)
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Figure 17 - Velocity on Shroud Side Plane (Design FI0W-H2O)





















Figure 18 - Velocity on Top Plane (Design FI0W-H2O)
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Figure 19 - 2-D View ofVelocity on Shroud Side (Design FI0W-H2O)





























Figure 20 - 2-D View ofVelocity on Top (Design FI0W-H2O)
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Figure 21 - Velocity at Outlet on Shroud Side (Design FI0W-H2O)
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Figure 22 - Velocity at Outlet on Top (Design FI0W-H2O)
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The pressure contour plot (Figure 23) and the pressure line plot along the
centerline (Figure 24) indicate a relatively uniform conversion of dynamic head to static
pressure as the diffuser is traversed in the direction of flow. From the pressure line plots,
graphed from the bottom of the diffuser to the top, at the diffuser inlet (Figure 25) and
outlet (Figure 26), the pressure recovery coefficient was calculated to be 0.814 which
compares favorably with the ideal pressure recovery coefficient of 0.866 (Table 4), and is






Ideal Flow 0.866 1.00
100% FI0W-H2O -0.39 0.017 0.814 0.94
76% Flow-H20 -0.376 0.005 0.762 0.88
60% FI0W-H2O -0.368 -0.0005 0.735 0.84
100% Flow-LH2 -0.34 0.0175 0.715 0.82
60% Flow-LH2 -0.31 0.0075 0.635 0.73
60%/3% - LH2 -0.377 0.0146 0.785 0.90
60%/5% - LH2 -0.39 0.003 0.786 0.90
60%/10% - LH2 -0.38 -0.00275 0.754 0.87
60%/15% - LH2 -0.37 -0.0011 0.738 0.85
50% 13% - LH2 -0.375 0.0128 0.776 0.89
The kinetic energy (Figure 27), dissipation (Figure 28), and vorticity (Figure 29)
contour plots are included for flow verification. The majority of the kinetic energy is
generated at the top and bottom surfaces near the shroud side wall, with a corresponding
amount of dissipation in the same area. The vorticity is an indication of the level of
viscosity present in the fluid at a particular location.
The vorticity is lower on the top
surface indicating that the incidence angle is having a slight effect on the boundary layer
region. Velocity profiles were graphed at positions near the diffuser inlet and outlet on
the symmetry plane (Figure 30) to verify the flow field. Velocity profiles at the diffuser
inlet (Figure 3 1) and outlet (Figure 32) are characteristic of turbulent flow in a diffuser
with incidence angle effects skewing the profiles. Velocity profiles are plotted from the
bottom of the diffuser to the top.
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Figure 23 - Pressure Contour (Design FI0W-H2O)
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Figure 24 - Pressure Along Centerline (Design FI0W-H2O)
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Figure 25 - Inlet Pressure (Design FI0W-H2O)
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Figure 26 - Outlet Pressure (Design FI0W-H2O)
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Figure 27 - Kinetic Energy Contour (Design FI0W-H2O)


































Figure 28 - Dissipation Contour (Design FI0W-H2O)
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Figure 29 - Vorticity Contour (Design FI0W-H2O)


















Figure 30 - Velocity Profile Locations
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Figure 3 1 - Inlet Velocity Profiles (Design FI0W-H2O)
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Figure 32 - Outlet Velocity Profiles (Design Flow-H20)
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7.1.2 60% Design Flow Case
Modeling the Water Tester in three dimensions presented the problem of
determining where the diffuser stall was occurring using FIDAP's post-processing
capabilities. Knowing that Rocketdyne observed diffuser stall at 76% of the design flow
rate, the Water Tester diffuser model flow rate was initially set at 60% of the design flow
rate. This guaranteed that flow separation and diffuser stall would occur allowing for the
determination of the critical areas where the stall was occurring.
The first area that was observed for the presence of flow separation was the
diffuser's symmetry plane. The velocity vector plot of the symmetry plane (Figure 33)
shows that there is an area just before the upcomer diffuser outlet where the flow is
beginning to stagnate. However, a close-up view of the velocity vector plot of the
symmetry plane (Figure 34) shows no flow separation. With an uncertainty as to where
the flow separation was taking place, the fluid velocity at various cross sections of the
diffuser was plotted (Figure 35). These cross sections showed that there was a substantial
reduction in the fluid velocity at the top of the diffuser, near the shroud side wall. It was
assumed that this was where the flow was separating. This assumption is reasonable
because of the pronounced incidence angle and the secondary flow effects present in
three-dimensional flow.
To get a better idea of where the flow separation was occurring, planes were cut
through the diffuser to observe the velocity vector plots. It was determined that the
velocity vector plots of the planes cutting through the diffuser 2.54 mm from the shroud
side wall (Figure 36) and 1.27 mm from the top wall (Figure 37) gave the most graphic
view of the flow separation and stall. The velocity vector plots were then viewed from a
perpendicular reference point to the shroud side wall (Figure 38) and to the top wall
(Figure 39). Close-up views of the velocity vector plot on the shroud side plane (Figure
40) and on the top side plane (Figure 41) show how a pocket of stagnating flow begins at
the top wall and shroud side wall intersection and then increases in size and intensity as
flow separation builds and diffuser stall occurs.
The pressure contour plot (Figure 42) indicates a relatively uniform pressure
distribution at the diffuser inlet section that is followed by a large variation or pressure
gradient across the diffuser outlet and turning channel. In the turning channel the
pressure is greatest at the outer wall and the least at the inner wall. It is not obvious why
flow adheres to the inner wall around the bend, but it is due to secondary flow effects.
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Figure 34 - Velocity at Outlet on Symmetry Plane (60% ofDesign FI0W-H2O)
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Figure 35 - Cross Sectional Velocities (60% ofDesign FI0W-H2O)
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Figure 36 - Velocity on Shroud Side Plane (60% ofDesign FI0W-H2O)
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Figure 37 - Velocity on Top Plane (60% ofDesign FI0W-H2O)
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Figure 38 - 2-D View ofVelocity on Shroud Side (60% ofDesign FI0W-H2O)
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Figure 39 - 2-D View ofVelocity on Top (60% ofDesign FI0W-H2O)
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Figure 40 - Velocity at Outlet on Shroud Side (60% ofDesign FI0W-H2O)
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Figure 41 - Velocity at Outlet on Top (60% ofDesign FI0W-H2O)

































Figure 42 - Pressure Contour (60% ofDesign FI0W-H2O)
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Referring back to the velocity vector plot on the symmetry plane (Figure 32) helps in
understanding this condition. The incidence angle effects cause the flow to develop a
skewed velocity distribution toward the bottom wall. As the flow enters the turning
channel the faster moving fluid particles appear to adhere to the bottom surface and then
break free into the main flow area creating a more rounded velocity distribution. The
faster moving fluid at the bottom wall creates a low pressure area while the slower
moving fluid at the top wall creates a high pressure area. The pressure recovery along the
centerline (Figure 43) shows a gradual approach to the total recovery obtained by the
diffuser.
The flow separation and diffuser stall are an indication that the static pressure
recovery will not be as high as desired. From Table 4, it is apparent that the pressure
recovery attained in a throttling thrust situation will not provide acceptable performance
when compared to the design flow model and the ideal pressure recovery coefficient.
The non-dimensionalized pressure line plots at the diffuser inlet (Figure 44) and outlet
(Figure 45) provide the information needed to calculate the pressure recovery coefficient
of 0.735. Comparing the outlet pressure in Figure 45 to the outlet pressure in Figure 26
for the design flow condition, the effect of separation is clearly seen. The outlet pressure
for the 60% flow case does not recover at the top of the diffuser due to separation.
The kinetic energy (Figure 46), dissipation (Figure 47), and vorticity (Figure 48)
contour plots are included to verify the flow field. The dissipation of turbulent energy is
concentrated near the inlet of the diffuser at the top and bottom surfaces near the shroud
side wall in regions of higher turbulence and kinetic energy generation as flow separation
begins. The vorticity of the fluid is an indication of the shear rate between the layers of
fluid. The contour plot shows a region of higher vorticity along the shroud side wall near
the bottom surface of the diffuser. The lower vorticity level near the top of the diffuser
indicates that the fluid is slowing down and becoming laminarized with the boundary
layer separating from the wall.
The velocity profiles at the diffuser inlet (Figure 49) are typical of turbulent flow
and are skewed toward the bottom of the diffuser to reflect the incidence angle effects.
The velocity profiles at the diffuser outlet (Figure 50) are also typical of turbulent flow
that has undergone diffusion with a significant reduction in flow speed.
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Figure 43 - Pressure Along Centerline (60% ofDesign FI0W-H2O)







Figure 44 - Inlet Pressure (60% ofDesign FI0W-H2O)
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Figure 45 - Outlet Pressure (60% ofDesign FI0W-H2O)

































Figure 46 - Kinetic Energy Contour (60% ofDesign FI0W-H2O)
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Figure 47 - Dissipation Contour (60% ofDesign FI0W-H2O)
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Figure 48 - Vorticity Contour (60% ofDesign FI0W-H2O)
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Figure 49 - Inlet Velocity Profiles (60% ofDesign FI0W-H2O)
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Figure 50 - Outlet Velocity Profiles (60% ofDesign FI0W-H2O)
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7.1.3 76% Design Flow Case
Now that the critical areas of flow separation in the Water Tester were known and
with the design flow results available for comparative purposes, the 76% flow case was
analyzed. The goal was to verify Rocketdynes results, which showed the onset of flow
separation and diffuser stall at this reduced flow rate.
The velocity vector plot on the symmetry plane (Figure 51) shows the effects of
the incidence angle as some substantial flow speed reduction is observed. The velocity
profiles at various cross sections (Figure 52) showed that flow separation was likely to
occur. The velocity vector plots of the planes cutting through the diffuser 2.54 mm from
the shroud side wall (Figure 53) and 1.27 mm from the top wall (Figure 54) gave the most
graphic view of the flow separation and stall. The velocity vector plots were then viewed
from a perpendicular reference point to the shroud side wall (Figure 55) and to the top
wall (Figure 56). Close-up views of the velocity vector plot on the shroud side plane
(Figure 57) and on the top side plane (Figure 58) show how a pocket of stagnating flow
begins at the top wall and shroud side wall intersection and then builds as diffuser stall
begins to occur. The level of diffuser stall is noticeable but is not as intense as the 60%
flow case.
The pressure contour plot (Figure 59) indicates a relatively uniform pressure
distribution at the diffuser inlet section that is followed by a large variation across the
diffuser outlet and turning channel. In the turning channel the pressure is greatest at the
outer wall and the least at the inner wall, as was the case in the 60% flow case. The flow
separation and diffuser stall are an indication that the static pressure recovery will not be
as high as desired. The pressure recovery along the centerline (Figure 60) shows a
gradual approach to the total recovery obtained by the diffuser. It is apparent that the
pressure recovery attained in a throttling thrust situation of 76% of the design flow will
provide a lower level of performance when compared to the design flow model and the
ideal pressure recovery coefficient. The non-dimensionalized pressure line plots at the
diffuser inlet (Figure 61) and outlet (Figure 62) provide the information needed to
calculate the pressure recovery coefficient of 0.762. This calculated value was very near
to Rocketdyne's Water Tester results where the pressure recovery was found to be 0.74.
Comparing the outlet pressure in Figure 62 to the outlet pressure in Figure 26 for the
design flow condition, the effect of separation is clearly seen. The outlet pressure for the
76% flow case does not recover at the top of the diffuser due to separation.
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Figure 5 1 - Velocity on Symmetry Plane (76% ofDesign FI0W-H2O)







































Figure 52 - Cross Sectional Velocities (76% of
Design Flow-H20)
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Figure 53 - Velocity on Shroud Side Plane (76% ofDesign FI0W-H2O)
























Figure 54 - Velocity on Top Plane (76% of
Design Flow-H20)
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Figure 55 - 2-D View ofVelocity on Shroud Side (76% ofDesign FI0W-H2O)
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Figure 56 - 2-D View ofVelocity on Top (76% ofDesign FI0W-H2O)
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Figure 57 - Velocity at Outlet on Shroud Side (76% ofDesign FI0W-H2O)
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Figure 58 - Velocity at Outlet on Top (76% ofDesign FI0W-H2O)
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Figure 60 - Pressure Along Centerline (76% ofDesign FI0W-H2O)
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Figure 61 - Inlet Pressure (76% ofDesign FI0W-H2O)
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Figure 62 - Outlet Pressure (76%
ofDesign Flow-H20)
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The kinetic energy (Figure 63), dissipation (Figure 64), and vorticity (Figure 65)
contour plots are included to verify the flow field. The dissipation of turbulent energy is
concentrated near the inlet of the diffuser at the top and bottom surfaces near the shroud
side wall in regions of higher turbulence and kinetic energy generation as flow separation
begins. The vorticity of the fluid is an indication of the shear rate between the layers of
fluid. The contour plot shows a region of higher vorticity along the shroud side wall near
the bottom surface of the diffuser. The lower vorticity level near the top of the diffuser
indicates that the fluid is slowing down and becoming laminarized with the boundary
layer separating from the wall. The velocity profiles at the diffuser inlet (Figure 66) are
typical of turbulent flow and are skewed toward the bottom of the diffuser to reflect the
incidence angle effects. The velocity profiles at the diffuser outlet (Figure 67) are also
typical of turbulent flow that has undergone diffusion with a significant reduction in flow
speed.
(This area left blank intentionally)
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Figure 63 - Kinetic Energy Contour (76% ofDesign FI0W-H2O)



































Figure 64 - Dissipation Contour (76% ofDesign FI0W-H2O)
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Figure 65 - Vorticity Contour (76% ofDesign FI0W-H2O)
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Design Flow-H20)
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Figure 67 - Outlet Velocity Profiles (76% ofDesign FI0W-H2O)
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7.2 MK49-F High Pressure LH2 Turbopump Diffuser
The purpose of modeling the MK49-F turbopump diffuser was to determine the
conditions for flow separation and diffuser stall in an actual diffuser with LH2 as the
working fluid. The application of suction through the diffuser wall could then be tested
to determine the effectiveness of boundary layer control in eliminating the onset of flow
separation and to improve the diffusion process in the turbopump. It was determined that
an off-design flow rate of 60% was adequate in providing conditions for flow separation
and diffuser stall. Although flow separation was observed at flow rates above 60% of the
design flow rate, it was not always obvious where the flow separation was occurring due
to the three-dimensional nature of this problem. The 60% of design flow situation was
modeled with suction at rates of 3, 5, 10, and 15% of the inlet mass flow rate.
7.2.1 Design Flow Case
To better understand the flow separation and diffuser stall observed at off-design
flow rates in the MK49-F turbopump diffuser, it is necessary to establish the design flow
rate as a baseline to be used for comparison. The velocity vector plot on the symmetry
plane (Figure 68) shows a uniform flow profile affected slightly by the low incidence
angle of -1.49. The velocity profiles at various cross-sections (Figure 69) shows that
flow separation is not likely to occur. The velocity vector plots on the shroud side plane
(Figure 70) and on the top plane (Figure 71) give no clear indication that flow separation
is occurring. The two-dimensional views of the shroud side plane (Figure 72) and the top
plane (Figure 73) give some evidence that flow separation may be occurring. The close-
up views of the shroud side plane (Figure 74) and the top plane (Figure 75) velocity
vector plots verifies that a small amount of flow separation is occurring. From Figure 74,
it appears that flow separation is occurring on the top layer of fluid particles near the
diffuser wall. This phenomenon was somewhat unexpected, especially since no flow
separation was observed for the design flow case for the Water Tester.
The phenomenon can be explained as a fluid type effect. In modeling the actual
MK49-F diffuser, both geometric and dynamic similarity were kept. However, in
modeling the Water Tester, only geometric similarity was kept, which resulted in the
much higher Reynolds number. This explains why flow separation was not observed in
the Water Tester model at the design flow. The high Reynolds number means that the
boundary layer is thinner and less likely to break away from the wall. The opposite
would be true for the MK49-F model as the lower Reynolds number means that the
75































Figure 68 - Velocity on Symmetry Plane (Design FI0W-LH2)































Figure 69 - Cross Sectional Velocities (Design FI0W-LH2)
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Figure 70 - Velocity on Shroud Side Plane (Design FI0W-LH2)
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Figure 71 - Velocity on Top Plane (Design FI0W-LH2)
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Figure 72 - 2-D View ofVelocity on Shroud Side (Design FI0W-LH2)
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Figure 73 - 2-D View ofVelocity on Top (Design FI0W-LH2)
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Figure 74 - Velocity at Outlet on Shroud Side (Design FI0W-LH2)
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Figure 75 - Velocity at Outlet on Top
(Design FI0W-LH2)
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boundary layer is thicker creating a large throat blockage, resulting in a slight separation
of the boundary layer from the wall.
Even though flow separation is occurring due to the effects of the incidence angle
and secondary flow, it is not an appreciable amount. This is in direct comparison with
the 60% of design flow case for H2O, where an appreciable amount of flow separation
was observed. Referring back to Figure 40, it was observed that several layers were
affected and a reversal of flow was apparent. This is not the case for this situation as no
flow reversal is observed, only a deceleration of flow. From the velocity vector plot on
the shroud side plane (Figure 74), it is apparent that the velocity profile is skewed toward
the top as the fluid particles have slowed down quicker on top because of the mcidence
angle effects, observed even at the design flow rate. Looking at the velocity vector plot
on the top plane (Figure 75), the effects of secondary flow are clearly visible. The fluid
particles closest to the shroud side plane have slowed down considerably in comparison
to the fluid particles near the symmetry line. This is due in part to the effects of
secondary flow, which can be described through the three-dimensional nature of the flow.
The bulk fluid motion is along the length of the diffuser, but fluid motion is also found in
the y- and z-directions. A swirling flow upward in the y-direction circulating toward the
shroud side wall in the z-direction is the best verbal means of describing this secondary
fluid motion.
The pressure contour plot (Figure 76) and the pressure line plot along the
centerline (Figure 77) indicate a relatively uniform conversion of dynamic head to static
pressure as the diffuser is traversed. From the pressure line plots at the diffuser inlet
(Figure 78) and outlet (Figure 79), the pressure recovery coefficient was calculated to be
0.715 which compares favorably with the ideal pressure recovery coefficient (Table 4).
The kinetic energy (Figure 80), dissipation (Figure 81), and vorticity (Figure 82) contour
plots are included for flow verification. The majority of the kinetic energy is generated at
the top and bottom surfaces near the shroud side wall, with a corresponding amount of
dissipation in the same area. The vorticity of a fluid is an indication of the shear rate
between the layers of fluid. The v ncity is lower on the top surface indicating that the
incidence angle is having a slight effect on the boundary layer region. Velocity profiles
at the diffuser inlet (Figure 83) and outlet (Figure 84) are characteristic of turbulent flow
in a diffuser with incidence angle effects skewing the profiles as described above.
Comparing the outlet velocity profile in Figure 84 to the outlet velocity profile for the
Water Tester at the design flow (Figure 32), it is observed that the velocity profiles are
more developed. The larger boundary layer thickness, due to the lower Reynolds
number, is made apparent through these velocity profiles.
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Figure 76 - Pressure Contour (Design FI0W-LH2)
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Figure 77 - Pressure Along Centerline (Design FI0W-LH2)
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Figure 78 - Inlet Pressure (Design FI0W-LH2)
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Figure 79 - Outlet Pressure (Design FI0W-LH2)
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Figure 80 - Kinetic Energy Contour (Design FI0W-LH2)
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Figure 81 - Dissipation Contour (Design FI0W-LH2)
83

































Figure 82 - Vorticity Contour (Design FI0W-LH2)
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Figure 83 - Inlet Velocity Profiles (Design FI0W-LH2)
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Figure 84 - Outlet Velocity Profiles (Design FI0W-LH2)
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7.2.2 60% Design Flow Case
In order to obtain a more detailed resolution of flow separation, the flow rate was
set equivalent to 60% of design flow. This guaranteed that flow separation and diffuser
stall would occur at the same time providing a better look at the critical areas where the
stall was occurring.
The first area that was observed for the presence of flow separation was the
diffuser's symmetry plane. The velocity vector plot of the symmetry plane (Figure 85)
shows that there is no flow separation present. With an uncertainty as to where the flow
separation was taking place, the fluid velocity at various cross sections of the diffuser was
plotted (Figure 86). These cross sections showed that there was a substantial reduction in
the fluid velocity at the top of the diffuser, near the shroud side wall. Again, it was
assumed that this was where the flow was separating. This assumption is reasonable
because of the pronounced incidence angle and the secondary flow effects present in
three-dimensional flow.
To get a better idea of where the flow separation was occurring, planes were cut
through the diffuser to observe the velocity vector plots. It was determined that the
velocity vector plots of the planes cutting through the diffuser 2.54 mm from the shroud
side wall (Figure 87) and 1.27 mm from the top wall (Figure 88) gave the most graphic
view of the flow separation and stall. The velocity vector plots were then viewed from a
perpendicular reference point to the shroud side wall (Figure 89) and to the top wall
(Figure 90). Close-up views of the velocity vector plot on the shroud side plane (Figure
91) and on the top side plane (Figure 92) show how a pocket of stagnating flow begins at
the top wall and shroud side wall intersection and then increases in size and intensity as
flow separation builds and diffuser stall occurs.
The flow separation and diffuser stall are an indication that the static pressure
recovery will not be as high as
desired. From Table 4, it is apparent that the pressure
recovery attained in a throttling
thrust situation will not provide desired performance
when compared to the design flow model and the ideal pressure recovery coefficient.
The pressure contour plot (Figure 93) indicates a relatively uniform pressure distribution
at the diffuser inlet section that is followed by a large variation or pressure gradient
across the diffuser outlet and turning channel. The pressure recovery along the
centerline (Figure 94) shows a gradual approach to the total recovery obtained by the
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Figure 85 - Velocity on Symmetry Plane (60% ofDesign FI0W-LH2)








































Figure 86 - Cross Sectional Velocities (60% ofDesign FI0W-LH2)
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Figure 87 - Velocity on Shroud Side Plane (60% ofDesign FI0W-LH2)
































Figure 88 - Velocity on Top Plane (60% ofDesign FI0W-LH2)
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Figure 89 - 2-D View ofVelocity on Shroud Side (60% ofDesign FI0W-LH2)
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Figure 90 - 2-D View ofVelocity on Top (60% of
Design FI0W-LH2)
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Figure 91 - Velocity at Outlet on Shroud Side (60% ofDesign FI0W-LH2)






























Figure 92 - Velocity at Outlet on Top (60%
ofDesign FI0W-LH2)
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Figure 93 - Pressure Contour (60% ofDesign FI0W-LH2)
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outlet (Figure 96) provide the information needed to calculate the pressure recovery
coefficient of 0.635. The pressure recovery coefficient for this flow case is substantially
lower than that for the design flow case (Cp=0.715).
The kinetic energy (Figure 97), dissipation (Figure 98), and vorticity (Figure 99)
contour plots are included to verify the flow field. The dissipation of turbulent energy is
concentrated near the inlet of the diffuser at the top and bottom surfaces near the shroud
side wall in regions of higher turbulence and kinetic energy generation as flow separation
begins. The vorticity of the fluid is an indication of the shear rate between the layers of
fluid. The contour plot shows a region of higher vorticity along the shroud side wall near
the bottom surface of the diffuser. The lower vorticity level near the top of the diffuser
indicates that the fluid is slowing down due to the thick boundary layer causing the flow
to separated from the wall.
The velocity profiles at the diffuser inlet (Figure 100) are typical of turbulent flow
and are skewed toward the bottom of the diffuser to reflect the incidence angle effects.
The velocity profiles at the diffuser outlet (Figure 101) are also typical of turbulent flow
that has undergone diffusion with a significant reduction in flow speed. The velocity
profiles at the outlet are more developed than for the design flow case due to the effects
of the thicker boundary layer and corresponding flow separation
(This area left blank intentionally)
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Figure 94 - Pressure Along Centerline (60% ofDesign FI0W-LH2)
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Figure 95 - Inlet Pressure (60% ofDesign FI0W-LH2)
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Figure 96 - Outlet Pressure (60% ofDesign FI0W-LH2)




































Figure 97 - Kinetic Energy Contour (60% ofDesign FI0W-LH2)
94































08 Rh : 1 0
Figure 98 - Dissipation Contour (60% ofDesign FI0W-LH2)
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Figure 99 - Vorticity Contour (60% ofDesign FI0W-LH2)
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Figure 100 - Inlet Velocity Profiles (60% ofDesign FI0W-LH2)




































Figure 101 - Outlet Velocity Profiles (60% ofDesign FI0W-LH2)
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7.3 Suction
To counteract the incidence angle effects observed when the flow rate is decreased
to 60%> of the design flow, suction was applied through a series of slits on the top side of
the diffuser,as shown in Figure 14a, with each slit being 2 mm in length along the diffuser
width. These suction slits are meant to remove the decelerating fluid particles before the
boundary layer is able to separate from the wall.
7.3.1 3% Suction at 60% ofDesign Flow
The suction rate of 3% of the inlet mass flow rate through the seven slits at an
angle of 37.5, relative to the diffuser centerline, resulted in the application of a
horizontal velocity component of 1.1262 m/s and a vertical velocity component of 0.8642
m/s as boundary conditions at the suction slits (Refer to Appendix A for the calculations).
From the resulting velocity vector plot on the diffuser symmetry plane (Figure
102), it was apparent that flow separation was not occurring. The velocity profiles -on
various planes cut perpendicular to the diffuser (Figure 103) showed profiles resembling
those observed for the design flow case, with smooth rounded contour lines. From
previous analysis, it was determined that the critical area where flow separation was most
probable to occur, was on a plane 2.54 mm from the shroud side wall. The velocity
vector plot on that plane (Figure 104) showed no signs of flow separation. The effects of
secondary flow can be observed on a plane 1.27 mm from the top wall of the diffuser.
The velocity vector plot on that plane (Figure 105) showed how the fluid particles are
slowed down more closer to the shroud side wall. The velocity vector plots on the shroud
side plane (Figure 106) and the top plane (Figure 107) in two dimensions give a more
detailed look at the absence of flow separation for this case. Blown-up views of the most
critical areas on the shroud side (Figure 108) and the top (Figure 109) showed that the
fluid particles had not reached a point where flow separation was occurring. Instead, it
appears that there is no occurrence of flow separation and diffuser stall at the off-design
flow rate of 60% with the use of suction.
The velocity plot at the
outlet near the shroud side wall (Figure 108) shows
substantial improvement compared with the same velocity plot at the off-design flow case
of 60%> (Figure 91). There is even a small amount of improvement over the design flow
case (Figure 74) as the decelerated fluid
particles near the top are eliminated. The
velocity plot at the
outlet near the top of the diffuser (Figure 109) shows significant
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Figure 102 - Velocity on Symmetry Plane (60% Flow/3% Suction-LH2)
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Figure 103 - Cross Sectional Velocities (60% Flow/3% Suction-LH2)
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Figure 104 - Velocity on Shroud Side Plane (60% Flow/3% Suction-LH2)
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Figure 105 - Velocity on Top Plane (60% Flow/3% Suction-LH2)
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Figure 106 - 2-D View ofVelocity on Shroud Side (60% Flow/3% Suction-LH2)
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Figure 107 - 2-D View ofVelocity on Top (60% Flow/3% Suction-LH2)
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Figure 108 - Velocity at Outlet on Shroud Side (60% Flow/3% Suction-LH2)
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Figure 109 - Velocity at Outlet on Top (60% Flow/3% Suction-LH2)
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improvement over the same plot at the off-design flow case of 60% (Figure 92).
However, there is still evidence that secondary or circulating flow still persists.
The pressure contour plot (Figure 110) is very similar to the design flow case with
the effects of suction clearly visible near the diffuser throat area. The pressure contour
plot and the pressure line plot along the diffuser centerline (Figure 111) indicate a
relatively uniform conversion of dynamic head to static pressure as the diffuser is
traversed. From the pressure line plots at the diffuser inlet (Figure 1 12) and the diffuser
outlet (Figure 113), the pressure recovery is calculated to be 0.785. The pressure
recovery coefficient for this flow case with suction is substantially greater than the
off-
design flow case without suction where the pressure recovery coefficient was 0.635, and
compares favorably with the ideal pressure recovery coefficient of 0.87 (Table 4). The
inlet pressure line plot shows the effect of suction (observed through the lack of
symmetry observed in Figures 79 and 95) as the pressure rises near the top surface of the
diffuser where the suction is being applied to accelerate slowed fluid particles. At the
outlet, the pressure line plot is very similar in shape to the design flow case (Figure 79).
The kinetic energy (Figure 114), dissipation (Figure 115), and vorticity (Figure
116) contour plots are included for flow verification. The areas of greatest kinetic energy
and corresponding dissipation have shifted from the shroud side wall, where the
secondary flow effects have the greatest impact, to the areas near the suction slits where
turbulence is generated due to the exiting flow. The vorticity is an indication of the
viscosity present in the fluid at a particular location. The vorticity
is lower on the top
surface indicative of the effects of the incidence angle. The velocity profiles at the
diffuser inlet (Figure 117) and the diffuser outlet (Figure 118) are similar to previous
observations being slightly skewed due to geometry and incidence angle effects.
(This area left blank intentionally)
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Figure 110 - Pressure Contour (60% Flow/3% Suction-LH2)
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Figure 1 1 1 - Pressure Along Centerline (60%
Flow/3% Suction-LH2)
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Figure 1 12 - Inlet Pressure (60% Flow/3% Suction-LH2)
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Figure 1 14 - Kinetic Energy Contour (60% Flow/3% Suction-LH2)
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Figure 1 15 - Dissipation Contour (60% Flow/3% Suction-LH2)
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Figure 116 - Vorticity Contour (60% Flow/3% Suction-LH2)
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Figure 117 - Inlet Velocity Profiles (60% Flow/3% Suction-LH2)
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Figure 1 18 - Outlet Velocity Profiles (60% Flow/3% Suction-LH2)
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7.3.2 5% Suction at 60% ofDesign Flow
At 3% suction rate, it appears that there is still some indication of flow
deceleration near the shroud. As a result the suction rate was increased to 5%> and was
applied through the same series of slits on the top surface of the diffuser. The suction
rate of 5% of the inlet mass flow rate through the seven slits at an angle of
37.5
resulted
in the application of a horizontal velocity component of 1.8771 m/s and a vertical
velocity component of 1.4403 m/s as boundary conditions (refer to Appendix A).
Looking at the velocity vector plot of the diffuser symmetry plane (Figure 119),
there were no apparent signs of flow separation. However, looking at the velocity
profiles on various cross-sectional plane cut perpendicular to the diffuser (Figure 120),
the profiles gave an indication that there was an area of rapidly decreasing flow at the
corner near the shroud side wall and the bottom of the diffuser. Knowing where the
critical areas where flow separation was most probable to occur, the velocity vectors were
plotted on a plane 2.54 mm from the shroud side wall (Figure 121). There appears to be a
greatly enhanced flow regime in the areas where flow separation had been observed in the
60% of design flow model, but it appears that flow separation is probably occurring near
the bottom wall of the diffuser. The effect of secondary flows is again observed on a
plane 1.27 mm from the top wall of the diffuser. The velocity vector plot on that plane
(Figure 122) showed how the fluid particles are slowed down more in an area closer to
the shroud side wall. The velocity vector plots on the shroud side plane (Figure 123) and
the top plane (Figure 124) in two dimensions gave a better view of the flow separation
that occurred. Blown-up views of the most critical areas on the shroud side (Figure 125)
and the top side (Figure 126) showed that the fluid particles had reached a point where
flow separation was occurring near the bottom of the diffuser.
It is apparent that the point of flow separation has shifted from the top of the
diffuser under the 60% of design flow case to the bottom of the diffuser when suction is
applied at 5% of the inlet mass flow rate. This could be an indication that the removal of
fluid at this rate of suction could be having an adverse affect on the diffuser flow. The
pressure contour plot (Figure 127) shows the effects of suction near the
diffuser throat
area. The pressure contour and the pressure line plot along the diffuser centerline (Figure
128) indicate a relatively uniform conversion of
dynamic head to static pressure as the
fluid traverses the diffuser. From the pressure line plots at the diffuser inlet (Figure 129)
and the diffuser outlet (Figure 130), the pressure recovery coefficient is estimated to be
0.786 which is slightly better than for the 3% suction case
(Cp=0.785). The inlet pressure
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Figure 1 19 - Velocity on Symmetry Plane (60% Flow/5% Suction-LH2)
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Figure 120 - Cross Sectional Velocities (60% Flow/5% Suction-LH2)
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Figure 122 - Velocity on Top Plane (60% Flow/5% Suction-LH2)
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Figure 123 - 2-D View ofVelocity on Shroud Side (60% Flow/5% Suction-LH2)
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Figure 124 - 2-D View ofVelocity on Top (60% Flow/5% Suction-LH2)
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Figure 125 - Velocity at Outlet on Shroud Side (60% Flow/5% Suction-LH2)
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Figure 126 - Velocity at Outlet on Top (60% Flow/5% Suction-LH2)
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Figure 127 - Pressure Contour (60% Flow/5% Suction-LH2)
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Figure 128 - Pressure Along Centerline (60%
Flow/5% Suction-LH2)
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Figure 129 - Inlet Pressure (60% Flow/5% Suction-LH2)
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Figure 130 - Outlet Pressure (60% Flow/5% Suction-LH2)
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line plot shows the effect of suction as the pressure rises near the top surface of the
diffuser where the removal of decelerated fluid particles is occurring. The inlet pressure
line plot for this case is almost identical to that for the 3% suction case (Figure 1 12). The
outlet pressure line plot (Figure 130) is approximately mirrored about the diffuser
centerline as compared to the 3% suction case (Figure 1 13). This is due to the movement
of the separating boundary layer region from the top of the diffuser to the bottom.
The kinetic energy (Figure 131), dissipation (Figure 132), and vorticity (Figure
133) contour plots are included for flow verification. The areas of greatest kinetic energy
generation and the corresponding areas of dissipation have shifted from the shroud side
wall, where the secondary flow effects are observed, to the top side of the diffuser where
turbulence is generated by the suction of fluid particles. The vorticity is an indication of
the viscosity present in the fluid. The vorticity is lower on the top surface showing the
effects of the incidence angle. The velocity profiles at the diffuser inlet (Figure 134) and
the diffuser outlet (Figure 135) are skewed showing the effects of the inlet incidence
angle. The outlet velocity profiles are not typical of the previous off-design flow cases
(Figures 96 and 118) as they show a nearly laminar profile, characterized by the
substantial reduction in flow due to the effects of suction and the stall region near the
bottom of the diffuser.
As a point of comparison, it seems that a suction rate between 3 and 5% would
provide the reduction of stall at the top of the diffuser and would not cause a separated
region near the bottom. Suction at 5% of the inlet mass flow rate does a very good job of
removing the decelerating fluid particles that create the thick boundary layer, but an area
of stall is created near the diffuser bottom (Figure 125) . Suction at 3% of the inlet mass
flow rate does not appear to do enough as some flow separation is still observed near the
shroud (Figures 108 and 109).
(This area left blank intentionally)
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Figure 13 1 - Kinetic Energy Contour (60% Flow/5% Sucrion-LH2)









































































Figure 133 - Vorticity Contour (60% Flow/5% Suction-LH2)
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Figure 134 - Inlet Velocity Profiles (60% Flow/5% Suction-LH2)
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Figure 135 - Outlet Velocity Profiles (60% Flow/5% Suction-LH2)
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7.3.3 10% Suction at 60% ofDesign Flow
In order to counteract the incidence angle effects observed when the flow rate is
decreased to 60% of the design flow, suction was applied at a rate of 10% of the inlet
mass flow rate. The application of suction at a rate of 10% of the inlet mass flow rate
resulted in the application of a horizontal velocity component of 3.7541 m/s and a vertical
velocity component of 2.8806 m/s as boundary conditions. The results from the
application of suction at a rate of 10% are included in this section for completeness as it
is apparent that results similar to the 5% case will be observed. However, in testing, the
10% suction rate was tried before the 3 and 5% suction rates.
The resulting velocity vector plot on the diffuser symmetry plane (Figure 136)
gave no obvious signs that flow separation was occurring. However, looking at the
velocity profiles on various cross-sectional planes cut perpendicular to the diffuser
(Figure 137), the profiles showed that there was an area of rapidly decreasing flow at the
corner near the shroud side wall and the bottom of the diffuser. There was the unusual
appearance of circular contour lines near the turning channel. Knowing where the critical
areas where flow separation was most probable to occur, the velocity vectors were plotted
on a plane located 2.54 mm from the shroud side wall (Figure 138) and on a plane 1.27
mm from the top wall of the diffuser (Figure 139). These plots showed an interesting
phenomenon. The secondary flow effects were observed on the plane near the top wall of
the diffuser, but the shroud side wall showed the fluid particles reversing direction
creating diffuser stall. A blown-up view of the velocity vector plot on the shroud side
plane near the outlet (Figure 140) verified that the fluid was flowing upstream on the
lower portion of the diffuser while continuing to flow downstream on the upper portion.
The pressure contour plot (Figure 141) shows the effects of this high rate of
suction. The pressure line plot along the diffuser centerline (Figure 142) indicates a
relatively uniform conversion of dynamic head to
static pressure as the diffuser is
traversed, but with a much larger range of pressures than observed in the design flow
situation. From the pressure line plots at the diffuser inlet (Figure 143) and the diffuser
outlet (Figure 144), the pressure recovery is calculated to be 0.754, which is deceiving
because of the reversing flow effects.
The kinetic energy (Figure 145), dissipation (Figure 146), and vorticity (Figure
147) contour plots are included for flow verification. The areas
of greatest kinetic energy
and corresponding dissipation have shifted from the shroud
side wall, where the
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Figure 136 - Velocity on Symmetry Plane (60% Flow/10% Suction-LH2)































Figure 137 - Cross Sectional Velocities (60% Flow/10% Suction-LH2)
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Figure 139 - Velocity on Top Plane (60% Flow/10% Suction-LH2)
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Figure 140 - Velocity at Outlet on Shroud Side (60% Flow/10% Suction-LH2)
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Figure 141 - Pressure Contour (60% Flow/10% Suction-LH2)
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Figure 142 - Pressure Along Centerline (60% Flow/10% Suction-LH2)
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Figure 143 - Inlet Pressure (60%
Flow/10% Suction-LH2)
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Figure 144 - Outlet Pressure (60% Flow/10% Suction-LH2)
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Figure 146 - Dissipation Contour (60% Flow/10% Suction-LH2)
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Figure 147 - Vorticity Contour (60% Flow/10% Suction-LH2)
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secondary flow effects have the greatest impact, to the areas near the suction slits where
turbulence is generated due to the exiting flow. The shift is even more apparent for this
suction rate than it was in the previous situation. The vorticity is an indication of
the
shear rate between fluid layers. The vorticity is lower on the top surface indicative
of the
effects of the incidence angle. The velocity profile at the diffuser inlet (Figure 148) is
skewed due to the geometry and incidence angle effects as observed in previous
situations. However, the velocity profile at the diffuser outlet (Figure 149) is affected
more by the removal of fluid particles than by the geometry and incidence angle effects.
This is observed in the velocity profiles as they are skewed in the opposite direction as
compared with Figures 1 18 and 135 for 3% and 5% suction, respectively. This is due to
the reversing flow in the lower portion of the diffuser.
(This area left blank intentionally)
126












a oww Mcw i aiasa i.oe4t>u a pawn 2.o<m
COORDINATE
\
J 20316 8 MSIS 8 7004fl I.8IB77
COOBDUUTE










r LL'ftr "> . trj i j
3 i - JtJL-92 I
87 55 S3
Figure 148- Inlet Velocity Profiles (60% Flow/10% Suction-LH2)
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Figure 149 - Outlet Velocity Profiles (60% Flow/10% Suction-LH2)
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7.3.4 15% Suction at 60% Design Flow
Based upon Gordon Wissinger's paper [3], which recommended a suction rate
between 13 and 17% of the mass inlet flow rate, the first suction rate applied in our study
was 15%. The application of a suction rate of 15% of the inlet mass flow rate through the
seven slits at an angle of
37.5
resulted in the application of a horizontal velocity
component of 5.6312 m/s and a vertical velocity component of 4.3210 m/s as boundary
conditions. These results are included for completeness in response to Wissinger's
recommendation for suction based upon a two-dimensional diffuser model.
The velocity vector plot on the diffuser symmetry plane (Figure 150) gave a clear
indication that something was wrong. Looking at the velocity profiles on various
cross-
sectional planes cut perpendicular to the diffuser (Figure 151), it was obvious that the
same back flow phenomenon was occurring. The unusual appearance of circular contour
lines on the cross-sectional planes showed up midway through the diffuser, well before
the turning channel. To verify that this phenomenon was occurring, the critical areas
where flow separation had been observed previously were plotted. The velocity vectors
were plotted on a plane located 2.54 mm from the shroud side wall (Figure 152) and on a
plane 1.27 mm from the top wall of the diffuser (Figure 153). The blown-up view of the
velocity vector plot on the shroud side plane near the outlet (Figure 154) showed that the
fluid was flowing upstream across the entire diffuser.
The pressure contour plot (Figure 155) shows the effects of this high rate of
suction. The pressure line plot along the diffuser centerline (Figure 156) indicates a
relatively uniform conversion of dynamic head to static pressure up to the point where the
fluid completely reverses direction midway through the diffuser. From the pressure line
plots at the diffuser inlet (Figure 157) and the diffuser outlet (Figure 158), the pressure
recovery is calculated to be 0.738, which is meaningless for comparison due to the
reversal of flow. These pressure line plots both show the effects of the back flow
phenomenon across the entire diffuser midway to the turning channel.
The kinetic energy (Figure 159), dissipation (Figure 160), and vorticity (Figure
161) contour plots are included for flow verification. The areas of
greatest kinetic energy
and corresponding dissipation are observed in an area
near the suction slits where
turbulence is generated due to the exiting flow. The vorticity is an
indication of the shear
rate between fluid layers. The vorticity is lower on the top surface indicative of the
effects of the incidence angle. The velocity profile at the diffuser
inlet (Figure 162) is
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Figure 150 - Velocity on Symmetry Plane (60% Flow/15% Suction-LH2)
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Figure 152 - Velocity on Shroud Side Plane (60% Flow/15% Suction-LH2)
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Figure 154 - Velocity at Outlet on Shroud Side (60% Flow/15% Suction-LH2)
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Figure 155 - Pressure Contour (60% Flow/15% Suction-LH2)
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Figure 156 - Pressure Along Centerline (60% Flow/15%> Suction-LH2)
I -0 31394 -
-0 33407
P













2 03200 2 54000







X3 a 254E + '31
i +)
- 127E- ei
i.u y t-"7:JC + ya
OCR ro riON
x O rtOOO
Y i S fcJW
r JLL-'rtf 3 O I
58JUL92
23-36 43
Figure 157 - Inlet Pressure (60% Flow/15% Suction-LH2)
132






























Figure 158 - Outlet Pressure (60% Flow/15% Suction-LH2)
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Figure 160 - Dissipation Contour (60% Flow/15% Suction-LH2)
































Figure 161 - Vorticity Contour (60% Flow/15% Suction-LH2)
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skewed due to the geometry and incidence angle effects as
observed in previous
situations. However, the velocity profile at the diffuser outlet (Figure 163)
is affected
more by the removal of fluid particles, as it is skewed in the opposite direction,
than by
the geometry and incidence angle effects.
(This area left blank intentionally)
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Figure 163 - Outlet Velocity Profiles (60% Flow/15% Suction-LH2)
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7.4 50 % of Design Flow
The last flow situation to be discussed is for the application of suction to a off-
design flow rate of 50% of design flow. This situation was analyzed to see if the optimal
suction rate developed for 60% of design flow is also optimal for 50% of design flow. In
other words, would the same suction rate be necessary for all off-design flow rates where
flow separation and diffuser stall were observed in order to effectively suppress it.
3% Suction at 50% ofDesign Flow
From the velocity vector plot on the diffuser symmetry plane (Figure 164), it was
not possible to determine if flow separation was occurring. The velocity profiles on
various cross-sectional planes cut perpendicular to the diffuser (Figure 165) showed
profiles similar to those of the design flow case, with smooth rounded contour lines.
From the previous analysis, the critical areas for flow separation were found to be on two
planes, one near the shroud side wall of the diffuser, the other near the top wall of the
diffuser. The velocity vectors were plotted on a plane located 2.54 mm from the shroud
side wall (Figure 166) showing no obvious signs of flow separation. The effects of
secondary flow can be observed on a plane 1.27 mm from the top wall of the diffuser
(Figure 167). The velocity vector plots of the shroud side plane (Figure 168) and of the
top plane (Figure 169) in two dimensions gives a better view of the flow regime. Blown-
up views of the most critical areas on the shroud side plane near the outlet (Figure 170)
and on the top side (Figure 171) showed that the fluid had slowed just enough such that
flow separation was beginning to occur near the top of the diffuser.
The pressure contour plot (Figure 172) is very similar to the design flow case with
the effects of suction clearly visible near the diffuser throat area. The pressure contour
plot and the pressure line plot along the diffuser centerline (Figure 173) indicate a
relatively uniform conversion of dynamic head to static pressure as the diffuser is
traversed. From the pressure line plots at the diffuser inlet (Figure 174) and the diffuser
outlet (Figure 175), the pressure recovery is calculated to be 0.776. The pressure
recovery coefficient for this flow case compares favorably with the pressure recovery
value of 0.785 for 3% suction at 60% of design flow. The inlet pressure line plot shows
the effect of suction as the pressure rises near the top surface of the diffuser where the
suction is being applied. At the outlet, the pressure line plot is very similar in shape to
the design flow case.
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Figure 164 - Velocity on Symmetry Plane (50% Flow/3% Sucrion-LH2)
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Figure 166 - Velocity on Shroud Side Plane (50%
Flow/3% Suction-LH2)
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Figure 170 - Velocity at Outlet on Shroud Side (50% Flow/3% Suction-LH2)
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Figure 171 - Velocity at Outlet on Top (50% Flow/3% Suction-LH2)
141



































Figure 172 - Pressure Contour (50% Flow/3% Suction-LH2)
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Figure 173 - Pressure Along Centerline (50% Flow/3% Suction-LH2)
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The kinetic energy (Figure 176), dissipation (Figure 177), and vorticity (Figure
178) contour plots are included for flow verification. The areas of greatest kinetic energy
and corresponding dissipation are located near the suction slits where turbulence is
generated due to the exiting flow. The vorticity is an indication of the viscosity present in
the fluid at a particular location. The vorticity is lower on the top surface indicative of
the effects of the incidence angle. The velocity profiles at the diffuser inlet (Figure 179)
and the diffuser outlet (Figure 180) are similar to previous observations being slightly
skewed due to geometry and incidence angle effects.
































Figure 176 - Kinetic Energy Contour (50% Flow/3% Suction-LH2)



































Figure 177 - Dissipation Contour (50% Flow/3% Suction-LH2)
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Figure 178 - Vorticity Contour (50% Flow/3% Suction-LH2)
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Figure 179 - Inlet Velocity Profiles (50% Flow/3% Suction-LH2)
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Figure 180 - Outlet Velocity Profiles (50% Flow/3% Suction-LH2)
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8.0 Conclusions
The purpose of analyzing the MK49-F turbopump diffuser and Rocketdyne Water
Tester using FIDAP was twofold. First, the empirical results that Rocketdyne developed
in testing their single stage water tester were to be verified. Second, the actual diffuser
was to be modeled in order that suction could be evaluated as an effective method of
boundary layer control in eliminating the flow separation observed at off-design flow
rates. The results of the computational model showed that FIDAP is capable of predicting
how effective boundary layer control devices can be in eliminating the flow separation
observed at off-design flow rates.
8.1 RocketdyneWater Tester Model
The FIDAP model of the Rocketdyne single stage Water Tester was used to verify
the experimental results obtained by Rocketdyne and to provide the groundwork for the
analysis of the MK49-F diffuser model. The following conclusions can be made from the
results presented in section 7. 1.
1 . The pressure recovery coefficient for the design flow case was found to be
0.814. This calculated value compared favorably with the ideal value of
0.866 and was nearly equivalent to the pressure recovery coefficient value of
0.81 obtained by Rocketdyne.
2. At 60% of design flow, flow separation occurs at the top portion of the
diffuser on the shroud side (and on the hub side by symmetry). The critical
area for flow separation was found to be located in a region 2.54 mm from
the shroud and hub walls and 1.27 mm from the top of the diffuser
approximately 17.5 cm from the diffuser inlet.
3. The model showed the onset of stall at 76% of design flow. This was in
agreement with Rocketdyne's experimental observation at the same flow
rate. The calculated pressure recovery coefficient was found to be 0.762 for
the FIDAP model compared with the Rocketdyne value of 0.74.
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8.2 MK49-F Turbopump Diffuser Model
The MK49-F turbopump diffuser model was generated to determine the conditions
for flow separation and diffuser stall.
1. The application of suction through the top diffuser wall was demonstrated
to be an effective method for controlling flow separation in a turbopump
diffuser.
2. Even at the design flow there was evidence of a small amount of flow
separation near the shroud and hub walls at the top of the diffuser. This
result may affect traditional diffuser design practices which are normally
two-dimensional in nature.
3. A comparison of the Design Flow models for LH2 and H2O showed that
there was flow separation observed with LH2, but not with H2O. This
resulted from the higher Reynolds number for the Water Tester model
creating a much thinner boundary layer than what was present in the
MK49-F liquid hydrogen diffuser model where the thicker boundary layer
would be more likely to break away from the diffuser wall.
4. The Off-Design model for 60% of design flow produced a large region of
flow separation and diffuser stall near the top of the diffuser near the shroud
and hub walls. This flow situation allowed for the application of suction as
a means of controlling boundary layer effects.
5. Previous two-dimensional FIDAP modeling of the MK49-F diffuser was
probably not accurate due to the lack of accountability
for the complex
geometry and the secondary flow effects.
The two-dimensional velocity
plots on the symmetry plane showed no
indication of flow separation which
is in agreement with the previous two-dimensional model.
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6. Two-dimensional modeling in FIDAP recommended a suction rate between
13%. and 17% of the mass inlet flow rate with the first suction slit placed
near the entrance to the diffuser throat. Initially, a suction rate of 15% was
applied and found to be impractical. The high amount of suction generated a
reversal of flow in the diffuser. This was also found to be the case for 10%
suction.
7. When 5% suction was applied, stall was eliminated from the top of
the diffuser, but an area of stagnated flow was observed near the bottom.
A suction rate of 3% almost completely eliminated the diffuser stall near the
top of the diffuser.
8. Suction applied at rates between 3% and 5% of the inlet mass flow rate
produced pressure recovery coefficients of 0.785 and 0.786, respectively.
These pressure recovery coefficients were 10% better than the design flow
case(Cp=0.715).
9. An optimum suction rate between 3% and 5% of the inlet mass flow rate
would probably be most effective in eliminating diffuser stall at 60% of
design flow. It was shown that suction not only affects the decelerating fluid
particles before separation, but it also forces the velocity profiles to become
more uniform throughout the diffuser. In this manner diffuser performance
can be enhanced.
10. In modeling only half of the MK49-F diffuser, it was assumed that the
results found on the shroud-side half of the diffuser could be applied to the
hub-side half of the diffuser due to symmetry. However, this assumption
makes the solution non-exact compared to the actual flow situation, but
provides a very close approximation. In the actual turbopump, the fluid
particles leave the impeller blade with a quasiparabolic velocity profile
which would result in the flow separation not being symmetrical as was
assumed in this study. However, it is the conclusion of this report that
suction can be used as an effective means ofboundary layer control in
eliminating flow separation and diffuser stall with the additional advantage
of improved diffuser performance, regardless of the inlet velocity profile.
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1 1. It was observed that the majority of the pressure recovery takes place in
the
first half of the diffuser. This suggests that the diffuser length may not be
critical in this situation.
12. Recommendations for future work include:
a. A more exact determination ofwhat the optimum suction rate is
(should be between 3% and 5%).
b. Further development of the relationship between off-design flow rate
and the optimum suction rate.
c. The application of suction at the design flow rate for LH2 to see if
the pocket of separating flow can be eliminated to improve overall
diffuser performance.
d. The application of different methods of suction (on the shroud and
hub side walls), to see if diffuser performance can be improved even
more than the 10% improvement observed in this study.
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This appendix defines the flow constants and describes how the flow conditions for the design,

















= 342.9 GPM (0.76 fVVsec) Qdifluser=34-29 GPM (0.076ft3/sec)
Viniet
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= 85 1,490 ReDh
= 85 1,490


















= 3.925 x 10-3 kg/sec
Re__
= 36,612
60% Design Flow Rate
H20: Qdifiuser

































= 15-39 GPM(9.71e-4 m3/sec)
Vjniet =150-5 m/sec
miniet
= 2.35 xlO"3 kg/sec
ReDh= 21,967
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76% Design Flow Rate
H20: Qdiflnser = 260.6 GPM (0.58 fVVsec) Qdi_USer=26.06 GPM (0.058ft3/sec)





= 11265 slug/sec mi_,et




= 647,132 ReDh= 647,132
Turbulent Flow Conditions
k*




















Suction Flow Rates and Conditions
Assumptions: 1. Suction is accomplished through 7 slits on the diffuser's top surface.
2. Suction is at a
37.5
angle to the centerline of the diffuser.
3. Suction rate is the same across each slit.
4. Width of slits = 2 mm (Area = 29 mm2)
5.
3% : ijS =(0.03)^/. =7.05e-kg I sec











5%: ms% =(0.05)m,/e^ =1.18e"4*:g/sec












10% m10% =(0.10)m,n/ew =2.35<r4*g/sec




























Determination of Pressure Recovery
Coefficient, Cp
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where: AP = change in pressure across the diffuser
p
= fluid density (assumed constant)
v = inlet velocity
Because the solution method used required the fluid characteristics to be
nondimensionalized, the nondimensionalized pressure defined by FIDAP is,
P'
= -A- (q- B2)
P v














The inlet and outlet pressures,
P*
and P'o , were approximated, using numerical averaging
techniques, from the line pressure plots shown in the results section. Table B 1 shows the




Model ReD p; k cP Tl
Ideal Flow 0.87 1.00
100% FI0W-H7O 851,490 -0.39 0.017 0.814 0.94
76% FI0W-H7O 647,132 -0.376 0.005 0.762 0.88
60% FI0W-H2O 510,894 -0.368 -0.0005 0.735 0.84
100% FI0W-LH2 36,612 -0.34 0.0175 0.715 0.82
60% FI0W-LH9 21,967 -0.31 0.0075 0.635 0.73
60%/3% - LH? 21,967 -0.377 0.0146 0.785 0.90
60%/5% - LH? 21,967 -0.39 0.003 0.786 0.90
60%/10%) - LH2 21,967 -0.38 -0.00275 0.754 0.87
60%/15% - LH? 21,967 -0.37 -0.0011 0.738 0.85




I. Design Flow (H_0)
H 76% Design Flow (H2O)
HI. Design Flow (LH2)
IV. 60%> Design Flow (LH_)
V. 3%> Suction/60%) Design Flow (LH2)
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Program Name: DENSE. FIECHI May 8, 1992 2:30pn
This is the three-dimensional model of the MK49F diffuser. The model
is symmetric so only half of it was modeled to save memory space.
The model is scaled up by a factor of ten and is operated under the
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Inlet velocity
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Reynolds number = 851,490
Incidence angle = -1.49 degrees
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NONDIMENSIONALIZE THE PROBLEM USING VALUES AT THE INLET
TO THE TEST SECTION AS BEING CHARACTERISTIC
Lc = 0.08333 ft L* = L/Lc
Vc = 110.0265 ft/sec V* = V/Vc
Kc = l/VcA2 K* = K*Kc = 0.005
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^ELEMENTS ( WALL ,N0DES=4 ,FIMESH )
^ELEMENTS ( WALL ,NODES =4 ,FIMESH )
^ELEMENTS (WALL , NODES=4 ,FIMESH )
''ELEMENTS ( WALL , NODES =4 , FIMESH )
^ELEMENTS ( WALL , NODES =4 ,FIMESH )
^ELEMENTS ( WALL ,NODES =4 ,FIMESH )
^ELEMENTS (WALL ,NODES =4 , FIMESH )
^ELEMENTS ( WALL ,NODES =4 ,FIMESH )
^ELEMENTS (WALL ,NODES =4 , FIMESH )








Program Name: 76H20.FIECHI July 24, 1992
This is the three-dimensional model of the Rocdetdyne
MK49F test
diffuser. The test diffuser is symmetric so only half of it
was
modeled to save memory space and CPU
time. The model is scaled up
by a factor of ten and is operated under the
off design flow
-renditions that were used by Rocketdyne in their water
tester.
*:he off-design flow case of 76% of design flow which
prod
:-. -f stall in
Rocketdyne'
s test rig.
; 10 boundary layer control present in this
case.
D v- - ,-r
7 rammer : Brian R. Yoshida









Reynolds number = 647,132.1
Incidence angle = -3.154 degrees
lbf-sec/ft**2
102 103 104 105
> 1
"-TITLE
A*f Design Flow: No BL Control
IMESH(3-D,IMAX^9,JMAX=3,KMAX=3,MXPOINT=20000)
iXPK DELTAS)
1 0 14 0 45 0 14 0 25
EXPJ ( DELTAS )
1 0 14
106
ypK : DELTAS )
1 0 3
POINT











0.0000 0.5 n =;
-1 7 i 7
1.0000 0.5 0
> C 7 7 10 . o C' 2 ft 0 . 8263 0 8263
X
n 7
3 12.5614 0.826 3 0 8263
V Q 3 7 18. 0456 -9.6711 0 9263
r- 9 1
7
16.614 -7.8447 0 8263
1 7 1 7
t\ ^14 -0.8263 0 8263
3 5 1 3 10.0526 -0.8263 0 8263
9
"3 ]_ 3 1.0000 -0.5 0 5
!0
1
1 7 0.0000 -0.5 0 5
[ no n 0 nj 12 . 5614 -6.331.6 0 8263
101
i -i -\ 0 . 0000 0.5 0 0000
102
7
1 1.0000 0.5- 0 0000
103 5 3 1 10.0526 0.8263 0 0000
104
7
3 1 12.5614 0.8263 0 0000
105 9 3 1 18.0456 -8.6711 0 0000
106 9 1 1 16.614 -7.8447 0 0000
10"> -T 1 12.5614 -0.8261 0 0000
108 Cj 1 1 10.0526 -0.8263 0 0000
109
7
1 1 1.0000 -0.5 0 0000
110 1 1 1 0.0000 -0.5 0 0000
-NES
'
X -di recti on










































































graded toward front diffuser wall
symmetry and is unconstrained
Back wall represents the
10 110 2 3
101 2 3
u 109 2 3
102 2 3
108 2 2
10 3 2 3
7 10 7 2 3
i 104 2 3
1 0 6 2 3

















9 102 9 103
ELEMENTS ( BR I CK , NODES = 8 , ALL )













<rHE PROBLEM IS SYMMETRIC ABOUT
THE VERTICAL MID-PLANE OF
TH^ DIFFUSER, SO THAT ONLY THE
FRONT HALF OF THE DIFFUSER IS
MODELED AND SYMMETRY BOUNDARY
CONDITIONS ARE APPLIED ON THIS
PLANE, i.e. THE ELEMENTS ARE





















THE PROBLEM IS SYMMETRIC ABOUT THE VERTICAL MID-PLANE OF
THE DIFFUSER, SO THAT ONLY THE FRONT HALF OF THE DIFFUSER IS
MODELED AND SYMMETRY BOUNDARY CONDITIONS ARE APPLIED ON THIS
PLANE, i.e. THE X COMPONENT OF VELOCITY IS UNCONSTRAINED


















/ THE PROBLEM IS SYMMETRIC ABOUT THE VERTICAL MID-PLANE OF
/ THE DIFFUSER, SO THAT ONLY THE FRONT HALF OF THE DIFFUSER IS
MODELED AND SYMMETRY BOUNDARY CONDITIONS ARE APPLIED ON THIS





















/ THE PROBLEM IS SYMMETRIC ABOUT THE VERTICAL MID-PLANE OF
'
THE DIFFUSER, SO THAT ONLY THE FRONT HALF OF THE DIFFUSER IS
MODELED AND SYMMETRY BOUNDARY CONDITIONS ARE APPLIED ON THIS









1 " ^ n tr
.,-r,mx-Ap
'ALICE THE PROBLEM HSING VALUES AT THE INLET
SECTION AS BEING CHARACTERISTIC
-. '7777
r/r'v2
/ r 7 , -^ "i
L* - L/Lc




E>" - F^Ec 0.001
lV?.r
2LEM i NOML INEAP. , 3
- D , TURBULENT )
Inv:;-:ing ."-"-dimensional model
m ; T
'"- r1 " c t i-1v r v p \
' Value below is 'Reynolds Number 1^-1
Solves for pressure
i [ipuoci ',pj2( M~r?<'FD = IE- 1 r< )
SECRAGATED ITERATIVE SOLVER IS
" S 0LUT T ? M ' SEC!-?.AGATED=10 0 )
Initial cruesses
"ICNODEfUX, CONSTANTS . 99849)
"ICN0DE(UY,CCNSTANT=-0. 05502)
"ICN0DE! KINETIC ,C2NSTANT=Q . 005 )
"ION0DE'DISSI?ATION,CONSTANT=0 .001)






3 }( _ CI
2 2 2 2 1 15 5 1
Relaxation factors help






"'V rrv Z P T S K
^.2 0.2 0.2 0.2 0.05 0.0 0.6
?POSTPRQCESS ( ALL )
"op
T^TTnTTT1 ' srr )
> v;M iP': ' CTMtrqiJ <
"ELEMENTS'
BRICK, NODES = 8 .FIMESH)
"ELEMELTS ( WALL , NODES --4 , F'IMESH )
"ELEMENTS ' WALL , NODES = 4 , FIMESH )
"ELEMENTS
'
WALL , NODES = 4 , FIMESH )
'
ELEMENTS < WALL , NODES = 4 , FIMESH )
.'.EMENTS
'
WALL , NODES =4 , FIMESH )
"ELEMENTS < WALL , NODES = 4 , FIMESH )
"ELEMENTS < WALL , NODES 4 , FIMESH )
"ELEMENTS ( WALL , NODES = 4 , FIMESH )





ELEMENTS ( WALL , NODES = 4 , FIMESH )
ELEMENTS ! WALL , NODES = 4 , FIMESH )
?ELEMENTS
' WALL , NODES = 4 , FIMESH )
^DTf]T(ALL)
'NTTMEEP
Proarm Naae DSCN LH2.FIECHI May 18, 1992 10: 30ajn
This Is the three-dimensional model of the MK49F
diffuser. The mode
is symmetric so only half of it was
modeled to save memory space.
The model is scaled up by a factor ?.f ten and is
operated under "rhe
design flow conditions.
This is the design flow ;*.;>
ydrcgen as the working : ". ..
t h _ i -i .
-
c-j4 i .unnie r ?.c .an K.
r\ '.' Cufstc i . t-;- .'"nitjiogy
jW idit ior:
Fluid - Liquid Hydrou^n




- 25-0^04 m.< d^c
Reynolds ,-;u;rlec - 36.6i 1.684
mc i-iei^r.. ang.e 1.49 iegree;












DESIGN FLOW- NO BL CONTROL
*FIMESH<3-D.IMAX-9,JMAX=3.KMAX=3.MXPOINT=250001
EXP I (DELTAS)
1 0 14 0 45 0 14 0 25
EXPJ ( DELTAS >
1 0 14
EXFK ( DELTAS )
1 0 8
F0INT
Spatial dimensions are in centimeters
106
Major keypoints
'# I J K X Y
1
-S
j 3 0.0000 1.27 1 .27
_
3 0 3 2.54 1.27 L .27
; 5 0 0 25.5336 2.0988 .0938
\
"
j 31.9060 2.0988 2 0988
"
9 1 3 45.3358 -22.0245 _, 0983
i7, 3 j 42.1996 -19.9255 2 0 938
-1 "?












0.0000 -1.27 L 2 7












i 2.54 1.27 0 0000





1 31.9060 2.0988 0 0000
105 3 c^ 1 45.3358 -22.0245 0 0000
.06 ? ]_ i 42.1996 -19.9255 0 0000
. 0 7
n
f 1 i 31.9060 -2.0988 0 0000
108 5 1 1 25.5336 -2.0988 0 0000
109 1 1 2.54 -1.27 0 0000









102 103 5 3
103 104
10 9
9 3 5 3
3 7
110 109
109 108 5 3
108 107
Y-direction
Mesh is graded toward top and bottom diffuser walls
10 1 2.5 3 2.5 .5
110 101 2.5 3 2.5 .5
9 2 2.5 3 2. 5 ,5
109 102 2.5 3
.5^-5*
3 3 2.5 3
2.5"
".5-
108 103 2.5 3 2.5 .5
7 4 2.5 3 2.5 .5
107 104 2.5 3 2.5 .5
o 5 2.5 3 2.5 .5
106 105 2.5 3 2.5 .5
Z-direction
' Mesh is graded toward front diffuser wall. Back wall represents the
line of symmetry and is unconstrained
tO 110 2 3
1 101 2 3
9 109 2 3
2 102 2 3
8 108 2 3
3 103 2 3
7 107 2 3











10 101 1 2
j 108 3 4
7 104 7 6
BLEND
? 102 3 103
ELEMENTS ( BRICK , NODES -3 .ALL )













THE PROBLEM IS SYMMETRIC ABOUT THE VERTICAL MID-PLANE OF
THE DIFFUSER, SO THAT ONLY THE FRONT HALF OF THE DIFFUSER IS
MODELED AND SYMMETRY BOUNDARY CONDITIONS ARE APPLIED ON THIS


















THE PROBLEM IS SYMMETRIC ABOUT THE VERTICAL MID-PLANE OF
THE DIFFUSER, SO THAT ONLY THE FRONT HALF OF THE DIFFUSER IS
/ MODELED AND SYMMETRY BOUNDARY CONDITIONS ARE APPLIED ON THIS



















THE PROBLEM IS SYMMETRIC ABOUT THE VERTICAL MID-PLANE OF
THE rrtt . ?r% TH^.T
^yr THE. FT^ f]MI ^ THE DTpF^Efc ISMODELED*AND"'SYMMETRY"
B0UNDARY~CbNDltl'ONS ARE APPLIED ON THIS






















/ TH PROBLEM IS SYMMETRIC ABOUT THE VERTICAL
MID-PLANE OF
THE DIFFUSER, SO THAT ONLY THE FRONT HALF OF THE DIFFUSER IS
MODELED AND SYMMETRY BOUNDARY CONDITIONS ARE APPLIED ON THIS















NONDIMENSIONALIZE THE PROBLEM USING VALUES AT THE INLET
TO THE TEST SECTION A3 BEING CHARACTERISTIC
L c - 2.54 i. in
7e 25.0804 m/sec
Kc - l/Vc'2
C C - ^C i \l c J
L^ - L/Lc
V* - V/Vc
KA = K*Kc - 0.005
E* - E*Ec - 0.001059
model
Number )
S K E CI C2
15 5 1 1
factors help convergence
'PROBLEM ( NONL INEAR , 3
- D , TURBULENT )
^EMECUTION(NEWJOB)
Invoking non-dimensional
<DENS ITY C CONSTANT- 1 . 0 )
.VISCOSITY (K.E. )




v SOLUTI 0N ( SEGRAGATED = 9 5 )
Initial guesses
;NODE(UX, CONSTANTS. 9996619)
*ICN0DE(UY, CONSTANT- -0.0 260025)
^ICNODE(KINETIC,CONSTANT = 0. 005)
^ICNODEf DISSIPATION. CONSTANT=0. 001059)
^OPTIONS ( UPWINDING )
^UPWIND ING
/UX UY UZ P T
2 2 2 2 1
Relaxation
RELAXATION
'UX UY UZ P T
1.2 0.2 0.2 0.2 0.05







ELEMENTS ( WALL , NODES =4 , FIMESH )
^ELEMENTS ( WALL , NODES=4 , FIMESH )
*ELEMENTS ( WALL , NODES = 4 , FIMESH )
^ELEMENTS ( WALL , N0DES=4 , FIMESH )
^ELEMENTS ( WALL , NODES = 4 , FIMESH )
''ELEMENTS ( WALL , NODES =4 , FIMESH )
'.EMENTS ( WALL , NODES - 4 , FIMESH )
ELEMENTS (WALL. NODES =4, FIMESH)
^ELEMENTS ( WALL , NODES




















May 18, 1992 12:30pm
This is the three-dimensional model of the MK49F diffuser. The model
is symmetric so only half of it was modeled to save memory space.
The model is scaled up by a factor of ten and is operated under the
design flow conditions.
This is the off -design flow case of 60% of design flow.




Rochester Institue of Technology
March, 1992
Fluid = Liquid Hydrogen





Reynolds number = 21,968.051
Incidence angle = -4.19 degrees
lOi 102 103 104 105
1 / / / / |
1 / / / / |
1 / / /
4
/ |












OFF-DESIGN FLOW: NO BL CONTROL
*FIMESH(3-D,IMAX=9,JMAX=3,KMAX=3,MXPOINT=25000)
EXPKDELTAS)











I J K X Y Z
1 3 3 0.0000 1.27 1.27
u 3 3 3 2.54 1.27 1.27
3 5 3 3 25.5336 2.0988 2.0988
4 7 3 3 31.9060 2.0988 2.0988
5 9 3 3 45.8358 -22.0245 2.0988
6 9 1 3 42.1996 -19.9255 2.0988
7 7 1 3 31.9060 -2.0988 2.0988
8 5 1 3 25.5336 -2.0988 2.-0988
9 3 1 3 2.54 -1.27 1.27
10 1 1 3 0.0000 -1.27 1.27
100 0 0 0 31.9060 -16.0823 2.0988
101 1 3 1 0.0000 1.27 0.0000
102 3 3 1 2.54 1.27 0.0000
103 5 3 1 25.5336 2.0988 0.0000
104 7 3 1 31.9060 2.0988 0.0000
105 9 3 1 45.8358 -22.0245 0.0000
106 9 1 1 42.1996 -19.9255 0.0000
107 7 1 1 31.9060 -2.0988 0.0000
108 5 1 1 25.5336 -2.0988 0.0000














102 103 5 :3
103 104
10 9
9 8 5 :3
8 7
110 109
109 108 5 :3
108 107
/ Y-direction
/ Mesh isi graded toward top and bottom diffu
10 1 2.5 3 2.5 .5
110 101 2.5 3 2.5 .5
9 2 2.5 3 2.5 .5
109 102 2.5 3 2.5 .5
8 3 2.5 3 2.5 .5
108 103 2.5 3 2.5 .5
7 4 2.5 3 2.5 .5
107 104 2.5 3 2.5 .5
6 5 2.5 3 2.5 .5
106 105 2.5 3 2.5 .5
/ Z-direction
/
Mesh isi graded toward front diffuser wall.
line of symmetry and is unconstrained
J.0 110 2 :3
1 101 2 :3
9 109 2 :3
Back wall represents the
2 102 2 3
8 108 2 3
3 103 2 3
7 107 2 3
* 104 2 3
106 2 3











10 101 1 2
3 108 3 4
7 104 7 6
/
BLEND
9 102 8 103
/
ELEMENTS ( BRICK ,N0DES=8 ,ALL)













/ THE PROBLEM IS SYMMETRIC ABOUT THE VERTICAL MID-PLANE OF
/ THE DIFFUSER, SO THAT ONLY THE FRONT HALF OF THE DIFFUSER IS
/ MODELED AND SYMMETRY BOUNDARY CONDITIONS ARE APPLIED ON THIS


















/ THE PROBLEM IS SYMMETRIC ABOUT THE VERTICAL MID-PLANE OF
/ THE DIFFUSER, SO THAT ONLY THE FRONT HALF OF THE DIFFUSER IS
/ MODELED AND SYMMETRY BOUNDARY CONDITIONS ARE APPLIED ON THIS






















/ THE PROBLEM IS SYMMETRIC ABOUT THE VERTICAL MID-PLANE OF
/ THE DIFFUSER, SO THAT ONLY THE FRONT HALF OF THE DIFFUSER IS
/ MODELED AND SYMMETRY BOUNDARY CONDITIONS ARE APPLIED ON THIS






















/ THE PROBLEM IS SYMMETRIC ABOUT THE VERTICAL MID-PLANE OF
/ THE DIFFUSER, SO THAT ONLY THE FRONT HALF OF THE DIFFUSER IS
/ MODELED AND SYMMETRY BOUNDARY CONDITIONS ARE APPLIED ON THIS
















K* = K*Kc = 0. 005










/ NONDIMENSIONALIZE THE PROBLEM USING VALUES AT THE INLET









*PROBLEM ( NONL INEAR , 3 -D ,TURBULENT )
AEXECUTION ( NEWJOB )
/ Invoking non-dimensional model
ADENS ITY ( CONSTANT=1.0)
AVISCOSITY(K.E. )
/ Value below is (Reynolds Number )A-1
4.5521E-5
/ Solves for pressure
APRESSURE ( MIXED= IE- 1 5 )






AICNODE(KINETIC ,CONSTANTS . 005 )
AICN0DE(DISSIPATION,CONSTANTS. 001059)
A0PTI0NS ( UPWINDING )
*UPWINDING
/UX UY UZ P T S K E CI C2 ?
2222115 5 1 11
/ Relaxation factors help convergence
ARELAXATION
/UX UY UZ P T S K E CI C2 ?




''ELEMENTS ( BRICK ,N0DES=8 , FIMESH)
^ELEMENTS ( WALL , NODES =4 ,FIMESH )
AELEMENTS ( WALL , NODES =4 , FIMESH )
^ELEMENTS (WALL,N0DES=4, FIMESH)
^ELEMENTS (WALL , NODES =4 , FIMESH )
^ELEMENTS ( WALL ,NODES =4 , FIMESH )
^ELEMENTS ( WALL , NODES =4 , FIMESH )
^ELEMENTS (WALL , NODES = 4 , FIMESH )
CEMENTS (WALL , NODES =4 , FIMESH )
_EMENTS ( WALL ,NODES =4 , FIMESH )
^ELEMENTS (WALL ,NODES=4 , FIMESH)
^ELEMENTS (WALL , NODES =4 , FIMESH )





Program Name: SU3.FIECHI July 23, 1992 1 : 3*Pm
This is the three-dimensional model of the MK49F diffuser. The
-.ci*
i-
symmetric so only half
of it was modeled to save memory space.
The model is scaled up by a fact-r of ten and is operated
under t"r. .
lerign flow conditions.
~:.i: y -h= ?ff-ies;:rn f -': :a^ of 60-; of lesijn fl.-w.
~v.:- -!:'
j 1 1 1 l










." ; - -i
r* ' 7. \y a

















.'i'lrv !iv3f -;ararat 1 nn 5nd reverse tTw.
Br 1 an ? . Yo.'.-bida
Roch-'T:1-
=r I r. :; t L t ue of Technology
Marrh, '. ",'"-,2
Fluid = Liquid Hydrogen








Incidence angle = -4.19 degrees




-r , :ma:-: - : : ,
cmax--
3 . kmax= 3 , mxpo int= 25000 )




_ 0 2 0 5 0 2 0 5 0 2 0 4 0 2 0 4 0 2 0 20 0 14 0 25
_ T
Spatial dimensions are in centimeters
Mi;cr :-:eypoints
T T y X Y Z
1 3 3 0.0000 1.27 1 .27
11 3 ? 2.54 1.27 1.27
29 3 3 25.5336 2.0988 2.0988
"?1 7 3 31.9060 2.0988 2.0988
77 3 3 45.8358 -22.0245 2.0988
^? 1 3 42.1996 -19.9255 2.0988
31 1 3 31.9060 -2.0988 2.0998








1.2065 1.27 1 "I 7
c 7 7
1.3335 1.27 1. 2""
c 7 1





9 7 1.8415 1.27 -> i
"' '^ -i












l 7 1 1 C T -1 ~1
'"'
. 0 0
1 7 7 7






q t 7 c ! . '.' laAh
-i
1 . 718067






. "'4^5 I . 7 1 7 4 P 7 n . 0 0




S 1 A 7 c, 1 7
(.-
7 C! ,1 - o
: . "K29428
1 '^ 1 c-
. 1 4 3 5 1 . 7 (=. 3 S 4 28 0 . 00
7 1
5.0165 1. 3 59 26 58 O.00
-i i 7 7
6 . 2865 1.40504 ]6 1 . 4050416
"> 7 -i 7




\ 413 5 1 . 40961 q
-i
0. 00
-1 T 7 1 , 'OfC 1 . 4050416 n. 00
-i C 7 7 "'
. ""56 5 1 . 45082 01 1 .4508201
-v } -} 7
.6835 1.4^539 71 1 .4553971
-1 1 -i 1 7
_
a




. 5 5 6 5 1 .45082 01 0 . 00






i 1 7 I 2.54 1 . 27 0 . 0000
99 7 1 25.5336 3.0988 0 .0000
7 1 7 1
31.9060 2.0988 0 .0000
""> 7 7 1
45.8358 -22.0245 0 . 0000
7 7
1 1 42. 1996 -19.9255 0 .0000
31 1
1
J. 31.9060 -2.0988 0 .0000
2C 1
1 25.5336 -2.0988 0 .0000
1 1 2.54 -1.27 0 . 0000
i
L 1 0.0000 -1.27 0 .0000
FNES
X-direction











Mesh is graded toward top and bottom diffuser walls
10 1 2. 532. 5. 5
il0 101 2.5 3 2.5 .5
2 2.5 3 2.5 .5
* 192 2.5 3 2.5 .5
? 3 2.5 3 2.5.5
'?P lr:'!. 2.5 3 2.5 .5
4 2.532.5.5
''>-> 1 0 .1






,it, ',0 5 3.5 3 2.5 . c'
^
_,-
1 1 c- n
'.vh is graded toward front diffuser wall. Pack wall torr?-?:






: n " "? ^ 7
-\ i 2-1- n 7
-.
~
"l ~ -i 7
' 1 " A
-t-
-i 7

























































ELEMENTS (BRICK . NODES =8 ,ALL )























THE PROBLEM IS SYMMETRIC ABOUT THE VERTICAL MID-PLANE OF
JE DIFFUSER. SO THAT ONLY THE FRONT HALF OF THE DIFFUSER IS
MODELED AND SYMMETRY BOUNDARY CONDITIONS ARE APPLIED ON THIS




'10 7 105 104










THE PROBLEM IS SYMMETRIC ABOUT THE VERTICAL MID-PLANE OF
THE DIFFUSER, SO THAT ONLY THE FRONT HALF OF THE DIFFUSER IS
MODELED AMD SYMMETRY BOUNDARY CONDITIONS ARE APPLIED ON THIS






























THE PROBLEM IS SYMMETRIC ABOUT THE VERTICAL MID-PLANE OF
THE DIFFUSER, SO THAT ONLY THE FRONT HALF OF THE DIFFUSER IS
MODELED AND SYMMETRY BOUNDARY CONDITIONS ARE APPLIED ON THIS
PLANE, i.e. THE Y COMPONENT OF VELOCITY IS UNCONSTRAINED
'110 i o 2
'109 103
'108 104
' 1 o "7 10 5
























THE PROBLEM IS SYMMETRIC ABOUT THE VERTICAL MID-PLANE OF
THE DIFFUSER, SO THAT ONLY THE FRONT HALF OF THE DIFFUSER IS
MODELED AND SYMMETRY BOUNDARY CONDITIONS ARE APPLIED ON THIS























y 101 0 . 0 o 1 o 5 9
NONDIMENSICNALIZE THE PROBLEM 'USING VALUES AT THE INLET
TO 7XE TEST SECTION AS EEING CHARACTERISTIC
Lc = 2.54 cm L* = L/Lc
7c = 25.0804 m/sec VA = V/Vc
,z - 1/Vc"7 K* = KAKc = 0.005
Ec = Lc/VcA3 EA = EAEc = 0.001059




*DENSITY( CONSTANT = 1.0)
*VISC0SITY(K.E. )





SEGRAGATED ITERATIVE SOLVER IS USED AS SOLUTION METHOD
v ,LUTI0N(SECRAGATED=85)
Initial guesses
"ICM0DE! UX,C0NSTANT=0 . 997327)
"
ICM0DE ( UY , CONSTANT^ -0.073064)
"ICN0DE( KINETIC ,C0NSTANT=0 . 005 )
"ICN0DE( DISS IPATTON, C0NSTANT = 0.00 1059)
OPTIONS ( UPWIND IMG )
"OTWIMPING
nv nv TTZ p T S K E CI C2 ?
7 3 3 3 116 6 1 11
Relaxation factors help convergence
RELAXATION
'rIX UY UZ P T S K E CI C2 ?
\ 2 0.2 0.2 0.2 0.05 0.0 0.6 0.6 0.05 0.05 0.2
"FOSTFROCESS ' ALL )
*PRINTOUT (ALL)
"NODES (FIMESH)
"ELEMENTS ( BRICK, NODES =8 , FIMESH)
*ELEMENTS ( WALL , NODES = 4 , FIMESH )
"
ELEMENTS ( WALL , NODES = 4 , FIMESH )
"ELEMENTS ( WALL , NODES = 4 , FIMESH )
"ELEMENTS (WALL, NODES =4, FIMESH)
vELEMENTS ( WALL , NODES =4 , FIMESH )
"ELEMENTS ( WALL , NODES =4 , FIMESH)
l~~
EMENTS (WALL , NODES =4 , FIMESH)
EMENTS ( WALL , NODES =4 , FIMESH )
ELEMENTS ( WALL , NODES = 4 , FIMESH )
vELEMENTS ( WALL , NODES = 4 , FIMESH )
^ELEMENTS ( WALL , NODES = 4 , FIMESH )
"ELEMENTS ( WALL , NODES =4 , FIMESH )
ELEMENTS ( WALL , NODES = 4 , FIMESH )
ELEMENTS ( WALL , NODES =4 , FIMESH )
ELEMENTS ( WALL , NODES = 4 , FIMESH )
?
-"
EMENTS ( WALL , NODES = 4 , FIMESH )
^MENTS WALL,NODES =4, FIMESH)
IELEMENTS ( WALL , NODES = 4 , FIMESH )
lcd i\yv ( ALL )
rjENUMBER
